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Forest canopies are complex 3-D structures at the interface between the atmosphere
and the land surface which greatly affect radiative processes, especially across seasonally
snow-covered domains. The increase in process complexity associated with these areas
continues to be a source of uncertainty in land surface modelling. Model development
has been hampered by a limited amount of in-situ radiation measurements, together
with contrasting spatial scales of measurements and model resolution. Here, a bespoke
cable car system was used to measure incoming and outgoing shortwave and longwave
radiation below an evergreen forest stand, while an uncrewed aerial vehicle (UAV) system,
equipped with up- and down-looking shortwave radiation sensors, was used to measure
land surface albedo (LSA) above alpine, sub-alpine and boreal forest stands. These in-situ
measurements were combined with point-scale simulations of the Community Land Model
Version 5.0 (CLM5), enabling process level assessment of algorithms used within global
climate modelling frameworks. Analysis of diurnal radiation patterns, obtained via the
cable car and UAV systems, revealed canopy structural shading of the snow surface as
a main control on both the sub-canopy shortwave radiation budget and overall LSA.
Furthermore, diurnal patterns of measured LSA revealed a strong dependency on both
solar azimuth and zenith angles. Corresponding CLM5 simulations did not adequately
represent the measured spatial and temporal variability in LSA and sub-canopy incoming
shortwave radiation. In sparse forested environments, CLM5 performed especially poorly,
as LSA was overestimated by up to 66%. The use of effective Plant Area Index (PAI) values
as a simple first-order correction for this discrepancy between measured and simulated
LSA substantially improved model results (64-76% RMSE reduction). That being said,
such large biases suggest the need for a more robust solution, especially as the use of
effective PAI values did not improve the ability of CLM5 to replicate diurnal variability
in LSA and sub-canopy shortwave radiation. Hence, a time-varying transmissivity for
direct shortwave radiation was integrated into CLM5, meaning that directionality of solar
irradiance could be taken into account. Results with this modified version of CLM5 showed
measured variability of sub-canopy incoming shortwave radiation was replicated more
accurately, suggesting this approach may help to decrease uncertainty in LSA simulations
across seasonally snow-covered forested environments. This has far reaching implications
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𝑓𝑐𝑎𝑛𝑠𝑛𝑜 Fraction of canopy that is snow covered [-]
𝑓𝑣𝑒𝑔𝑛𝑜𝑠𝑛𝑜 Fraction of vegetation that is not covered by snow [-]
𝑣𝑒𝑔𝑡 Fraction of vegetation that is not covered by snow * PAI [-]
𝑑𝑒𝑤𝑚𝑥 Maximum allowed dew [mm]
𝑑𝑒𝑤𝑚𝑥𝑖 Inverse of maximum allowed dew [mm−1]
𝜏 Transmittance of shortwave radiation [-]
𝜏𝑑𝑖𝑟 Transmittance of direct beam shortwave radiation [-]
𝜏𝑑𝑖𝑓 Transmittance of diffuse beam shortwave radiation [-]
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1.1 Rationale and aims
The earth’s climate system is constantly changing as a result of both natural and anthro-
pogenic influences (Karl and Trenberth, 2003) but more recently the rate of change has
been observed to be accelerating. Global mean temperatures in the year 2020 are 1.2±0.1°C
higher than during the pre-industrial era (WMO, 2020) and warming has exceeded an
average of 0.25∘C decade−1 between 1979-2012 (Hartmann et al., 2013). The main driver
of these changes are anthropogenic (Vaughan et al., 2013, Medhaug et al., 2017) through
the release of greenhouse gases into the atmosphere, altering the earth’s energy budget via
the greenhouse effect (Petit et al., 1999, Saunois et al., 2016, Zhang et al., 2017). This
anthropogenic climate change will have substantial socioeconomic consequences in the
future, as globally averaged temperatures are predicted to continue to rise over the next
century (e.g. Stott, 2016). These include sea level rise (Church and White, 2006, Nerem
et al., 2018), food and water security (Gudmundsson et al., 2017, Pritchard, 2019), changes
in the frequency and intensity of extreme weather events (Stott, 2016, Burrell et al., 2020)
and reduction in natural capital (e.g. Hoegh-Guldberg et al., 2007). These impacts and
many others drive an urgent need to better understand the global and regional effects of a
changing climate in order to help mitigate and prepare for them.
The continuous warming trend has profound implications for the cryosphere, as it leads to
decreases in the Greenland and Antarctic ice sheets (Gregory, 2004, Pattyn et al., 2018)
and a diminished snow cover across the northern hemisphere (Derksen and Brown, 2012,
Kunkel et al., 2016, Pulliainen et al., 2020). Snow cover reduction has been observed in
alpine (Hock et al., 2019) and arctic regions (Meredith et al., 2019), and can be largely
attributed to a temperature-induced shift in precipitation patterns from snow towards
rain (e.g. Hamlet et al., 2005, Barnett et al., 2008, Berghuijs et al., 2014). It is, however,
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difficult to synthesize these changes, as snow packs in different climatic zones show different
sensitivities to climate warming (López-Moreno et al., 2020).
The presence or absence of snow, which profoundly alters energy transfer at the Earth’s
surface, is a key state variable influencing the climate system. The amount of precipitation
falling as snow, the length of snow cover seasons, the onset date of spring melt and the
interlinked melt-rates are all important climate indicators (Musselman et al., 2017). In
turn, relationships have been identified between large weather phenomena (e.g. North
Atlantic Oscillation, monsoon circulation) and snowfall events in preceding seasons (e.g
Hahn and Shukla, 1976, Zhao and Moore, 2004, López-Moreno et al., 2011), while regional
climate change itself can be driven by snow feedbacks (Hall, 2004, Thackeray and Fletcher,
2016). Due to the high reflectivity (albedo) of snow relative to other elements of the earth
surface (Flanner et al., 2011), a shrinking snow cover will result in more energy absorbed
by the earth, reinforcing a positive feedback mechanism which is commonly referred to as
Snow Albedo Feedback (SAF). On a global scale, SAF is assumed to have a minor influence
on climate (Thackeray and Fletcher, 2016). However, SAF drives regional climate change
over the northern hemisphere extratropics (Hall, 2004, Thackeray and Fletcher, 2016),
where longer snow-free seasons exert the strongest feedback (Chapin, 2005). SAF was also
found to be the second largest contributing mechanism to a phenomenon termed Arctic
Amplification (Pithan and Mauritsen, 2014), whereby temperatures in high-latitudes are
rising at up to twice the speed of the global average (Serreze et al., 2009), resulting in
unprecedented changes in northern high latitude environments (Serreze et al., 2000, Swann
et al., 2010).
Earlier seasonal snow melt-out also impacts the biosphere, leading to an earlier start of
ecosystem functioning across boreal forests (Pan et al., 2011). The resulting increase in
photosynthesis enhances carbon uptake (3.7% per decade between 1979 and 2015), creating
a negative feedback on radiative climate forcing (Pulliainen et al., 2017). Conversely,
amplified air temperatures increase permafrost thaw (Bonfils et al., 2012), which leads
to increased mobilization of carbon previously stored in permafrost (Schuur et al., 2015,
Natali et al., 2019). Hence, the relationship between snow cover, temperature and carbon
emissions in high latitude regions is an important but complex part of the earth’s carbon
cycle.
The Global Climate Observing System (GCOS, https://gcos.wmo.int/) has identified a
group of 54 "Essential Climate Variables" (ECV), including both Land Surface Albedo
(LSA), defined as the fraction of incoming shortwave radiation that is reflected by the
surface of the earth (Dickinson, 1983), and Snow Cover Extent (SCE), defined as the area
of land covered by snow. This further underlines the importance of LSA and SCE for
monitoring climate change and the critical role those two inter-related variables have in
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regulating the energy balance of the planet. Variability of SCE in a changing climate has
presented substantial socio-economic challenges, as snow stores water during winter, and
is a fresh-water resource during spring and summer. Agricultural irrigation often heavily
relies on snow-melt for food production (Qin et al., 2020), while more than one sixth of
the world’s population is dependent on water from glaciers or snow melt (Barnett et al.,
2005), highlighting the importance of glaciers and snow for human water demand (Mankin
et al., 2015, Pritchard, 2019). Consequently, accurate forecasting of hydrological change is
imperative for future water management. Furthermore, the aforementioned snow to rain
transition in precipitation has substantial financial implications, with an estimated annual
cost of between 10.8-48.6 billion US Dollars (Sturm et al., 2017).
The ability of climate models to accurately simulate SCE and LSA is critical in order
to forecast SAF under future climate scenarios. Consensus between different General
Circulation Models (GCMs), however, remains small: Qu and Hall (2007) highlighted
a large inter-model spread in SAF using simulations from the Third Coupled Model
Intercomparision Project (CMIP3), which persisted into the more recent generation of
models participating in the CMIP5 (Fletcher et al., 2015). The spread in simulated snow
surface albedo across CMIP5 models ranged from 0.39 to 0.75, which consequently leads
to a spread in SAF from 0.18 - 0.78 W m−2 K−1 across the northern hemisphere (Qu and
Hall, 2014). Much inter-model spread in SAF has been attributed to snow-vegetation
masking, which is sensitive to the parameterisation scheme each GCM applies to represent
vegetation structure in snow-covered areas (Essery et al., 2013, Qu and Hall, 2014). This
discrepancy remained evident through both CMIP3 and CMIP5 (Wang, Erb, Schaaf, Sun,
Liu, Yang, Shuai, Casey and Román, 2016, Mudryk et al., 2020). Given that during peak
annual global snow-extent, almost half of the terrestrial snow-covered area overlaps with
forests (Kim et al., 2017), it is paramount to reduce such uncertainties in land surface
model (LSM) albedo simulations.
Accurate simulations of land surface-atmosphere energy fluxes and melt water runoff from
snow-dominated forested watersheds also require reliable estimates of radiative transfer
processes through vegetation canopies (Lawler and Link, 2011, Seyednasrollah and Kumar,
2014). Evaluation and development of simulated LSA and radiative transfer through
forest canopies has been hampered by spatial discontinuities between measurement scale
and model resolution. GCMs are usually run at coarse horizontal resolutions (∼50 –
200 km grid cells), leaving satellite data as the only way to assess simulated LSA (e.g.
Wang et al., 2004, Malmros et al., 2018). However, forest heterogeneity (canopy gaps
and edges) is not commonly resolved by globally available satellite data (e.g. MODIS
MOD10A1 500m grids). While higher resolution satellite albedo retrievals are becoming
more widely available (e.g. 30m LANDSAT or sub-meter scale Worldview4 by Digital
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Globe), the spatial and temporal resolution is still not high enough for such data to
be used as a benchmark to evaluate variability in simulations of wintertime LSA and
sub-canopy radiation. Consequently, high quality in-situ radiation measurements are still
indispensable to evaluate and improve process-scale understanding of radiative processes
through a canopy. However, the use of a single stationary radiometer below the canopy is
not adequate to represent the heterogeneity of a forest stand (Link et al., 2004), nor is a
single tower measuring LSA above the canopy. Such point-scale measurements struggle to
represent areas greater than the sensor footprint, which would be required to represent the
spatially integrated perspective of a coarse grid cell. New observational techniques capable
of capturing the spatially and temporally highly variable radiation regime of a forest are
hence needed to improve radiation parametrization of current land surface model schemes
for forested regions (Wild et al., 2001, Qu and Hall, 2014).
This thesis addresses this research gap by presenting highly temporally and spatially
resolved measurements of sub-canopy radiation and of LSA above forest canopies at six
different forested sites in boreal, alpine and sub-alpine environments. Furthermore, the
aim of this research is to evaluate the representation of these parameters and processes
in a state-of-the-art, physically-based LSM. Above-canopy LSA measurements from a
bespoke airborne platform allowed variable measurement heights and flexibility to ob-
tain measurements at multiple locations above a forest canopy. A moving cable car
system making below-canopy radiation measurements allowed similar spatially distributed
measurements. The gap to coarse grid cell model resolution was closed by combining
such spatially distributed measurements with point-scale simulation of the Community
Land Model 5.0, the land component of the Community Earth System Model version
2.0 (CESM2). This approach allowed evaluation of algorithms used within global climate
modelling frameworks at the process level. In the remainder of this chapter, a general
background on forest-snow-atmosphere interactions is presented alongside the limitations
of their representation in LSM. Finally, objectives and research questions are stated and
the structure of this thesis is described to conclude this chapter.
1.2 Forest-snow-atmosphere interactions
Annual maximum global snow cover extent is approximately 47 x 106 km2, covering more
than 40% of the terrestrial Northern Hemisphere (Robinson and Frei, 2000, Lemke et al.,
2007). This has profound implications for energy and mass exchanges between the lower
atmospheric boundary layer and the land surface. Heat and moisture exchanges are largely
controlled by the high reflectivity (Flanner et al., 2011) and the low thermal conductivity
properties of snow (Zhang, 2005). Where seasonal snow cover overlaps with forested
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environments (∼ 9 x 106 km2, Rutter et al., 2009), the presence of trees exerts a principal
control on snow dynamics (Musselman and Pomeroy, 2017, Roth and Nolin, 2017), which
further impacts eco-hydrological processes (Trujillo et al., 2012, Lundquist et al., 2013).
In turn, snow dynamics also directly affect forests by influencing forest productivity and
tree growth (Carlson et al., 2017, Sanmiguel-Vallelado et al., 2021).
At a local scale, forested environments create micro-climates, causing high temporal and
spatial variability in snow dynamics (Ellis et al., 2011, Lundquist et al., 2013), as every
mass and energy flux to the snow pack is altered compared to open areas. Sub-canopy
radiation, controlled by forest heterogeneity, is a major cause of variability in sub-canopy
snow dynamics (Link and Marks, 1999, Sicart et al., 2004, Ellis et al., 2011). Compared
to open areas, a forest canopy attenuates shortwave radiation and enhances longwave
radiation (thermal emissions) by absorption of shortwave and re-emittance as longwave
energy (e.g. Sicart et al., 2004, Webster et al., 2016b), further affecting timing, intensity,
and duration of snow melt (Male and Granger, 1981). Forests also reduce wind speeds,
which leads to suppressed turbulent fluxes and often causes forests to act as cold air sinks
(Link and Marks, 1999, Webster et al., 2016b).
Complex snow dynamics in forests are largely controlled by the 3-D canopy structure
(Varhola et al., 2010), resulting in small-scale variability of energy fluxes, which are
challenging to represent in modelling frameworks. The Snow Model Inter-comparison
Project’s second phase (SnowMIP2) evaluated 33 snow models and identified major
deficiencies of forest snow process representations (Rutter et al., 2009, Essery et al., 2009).
Since then, knowledge of forest snow processes has been substantially improved by an
abundance of field based studies (Mahat et al., 2013, Webster et al., 2016b, Roth and
Nolin, 2017, Mazzotti et al., 2019, Sanmiguel-Vallelado et al., 2020, Hotovy and Jenicek,
2020) which have led to enhanced representation of forest snow dynamics in snow models
across multiple scales (Mahat et al., 2013, Gouttevin et al., 2015, Broxton et al., 2015,
Todt et al., 2018, Sun et al., 2018, Mazzotti, Essery, Moeser and Jonas, 2020). Despite
much progress, one limiting factor remains the representation of the complex 3-D forest
canopy structure in land surface schemes of Earth System Models. Although some model
developments have started to incorporate 3-D canopy structures (e.g. Yuan et al., 2014), it
remains a model development challenge in most land surface schemes. Furthermore, some
CMIP5 models continue to use unrealistic snow albedo values (Thackeray et al., 2019),
together with often unrealistic vegetation parameters, further resulting in erroneous LSA
simulations (Loranty et al., 2014, Wang, Erb, Schaaf, Sun, Liu, Yang, Shuai, Casey and
Román, 2016).
From an overall land surface perspective, e.g. influencing the earth’s radiation budget at
the top of the atmosphere, the low albedo of trees has the potential to mask high snow
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albedo (Bonan, 2008), decreasing the overall reflectivity of the land surface (Betts and
Ball, 1997), and resulting in a warming effect on climate (Abe et al., 2017). However, over
complex forested land surfaces, reflected shortwave radiation is strongly modulated by
canopy structural shading of snow-covered ground (Webster and Jonas, 2018). Wintertime
LSA further changes in response to the spatial heterogeneity of intercepted snow in forest
canopies (Bartlett and Verseghy, 2015), canopy species (Kuusinen et al., 2012) and canopy
structure (Bright et al., 2018). All of these components add a great deal of complexity to
the overall energy budget in these regions, much of which is not captured by the current
generation of climate models.
1.3 Research questions and objectives
The main aim of this research is to decrease the uncertainty in LSM parametrizations of
LSA in seasonally snow-covered forested environments. Two main research questions drive
this research:
1. What processes control the sub-canopy radiation budget (RQ1a) and LSA
(RQ1b) in seasonally snow-covered forested environments?
2. How well are radiative processes of seasonally snow-covered forested en-
vironments simulated by LSM? Are radiative regimes implemented in
LSM capable of representing measured spatial and temporal variability
in LSA (RQ2a) and sub-canopy radiation (RQ2b)?
In order to answer these research questions, a combination of extensive field measurement
and model experiments were required. A cable car system, providing spatio-temporal
sub-canopy radiation measurements and an Uncrewed Aerial Vehicle (UAV) System with
up- and down-looking shortwave radiation sensors mounted allowed processes controlling
sub-canopy radiation budgets and LSA to be quantified. The following objectives were set
in order to answer RQ1:
(i) Develop and use a cable car system to obtain distributed sub-canopy radiation
measurements across a range of forest structures in seasonally snow-covered environ-
ments.
(ii) Analyse diurnal and seasonal radiation patterns below a forest stand and quantify:
(1) the influence of shading on both outgoing shortwave radiation as well as effective
albedo below forest stands, (2) the effect of solar angle and forest structure on the
sub-canopy radiation budget, (3) the effect of fractional snow cover on outgoing
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longwave radiation, and (4) the relative importance of shortwave and longwave
radiation on the sub-canopy all-wave radiation budget.
(iii) Use an UAV system to measure above canopy LSA over a large range of discontinuous
forest canopies in alpine, sub-alpine and boreal forest environments.
(iv) Investigate the effects of solar angle, intercepted canopy snow, meteorological bound-
ary conditions and fractional snow cover on LSA.
The Community Land Model 5 (CLM5), the land component of the Community Earth
System Model (CESM v2.0), was used to address RQ2. CLM5 is a state of the art,
process-based land surface model that simulates carbon, nitrogen and energy exchange
between the atmosphere and the terrestrial earth (Lawrence et al., 2019). The following
objectives were set to answer research question 2:
(i) Apply the global-scale modelling algorithms of CLM5 to the site scale by running
CLM5 in point mode (PTCLM) as a single grid-cell, forced by hourly point-scale
meteorological driving data and site-specific canopy descriptors.
(ii) Evaluate CLM5 simulations of LSA spatially and temporally as a function of solar
angle and canopy structure by comparing model output to in-situ UAV measurements
(RQ2a).
(iii) Evaluate CLM5 simulations of radiative transfer through forest canopies using in-situ
cable car measurements (RQ2b).
(iv) Assess the effectiveness of the usage of (a) an effective Plant Area Index and (b) a
time-varying transmissivity for seasonal LSA simulations.
1.4 Thesis structure
The structure of this thesis is summarised here:
Chapter 2: Theoretical Background
The energy budget of seasonally snow-covered environments (open and forested)
and typical representations in LSM is discussed in this chapter. Radiative transfer
through forest canopies and the governing equations behind them are explained in
detail. The Community Land Model 5.0 is introduced and a detailed description of
its representation of forested and/or snow-covered grid cells is provided.
Chapter 3: Observational field data collection
Methods used for observational field data collection of radiation data are introduced:
the custom-made cable car system for below canopy radiation measurements and the
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UAV system for above-canopy LSA measurements. Meteorological reference data,
necessary to provide boundary conditions (RQ1a+b) and to generate CLM5 forcing
data (RQ2a+b), are discussed. All field sites located in a) sub-alpine, alpine and b)
boreal forest environments are described in detail.
Chapter 4: Impacts of shading and fractional snow cover on the sub-canopy radi-
ation budget
Results from sub-canopy radiation measurements are shown and discussed (RQ1a).
Down-looking hemispherical imagery, to determine the spatial extent of shaded/sunlit
snow and ground, are presented with concurrent radiation measurements, to quantify
the controls shading and fractional snow cover exert on the below canopy radiation
budget.
Chapter 5: Land surface albedo in seasonally snow-covered forest stands
RQ1b is addressed by investigating driving factors controlling LSA in seasonally
snow-covered forest environments. UAV measurements of LSA coupled to coincident
down-looking hemispherical images over snow-covered forests are used to investigate
the effects of: (a) tree species, (b) intercepted snow, (c) solar angle, (d) meteorological
boundary conditions, and (e) fractional snow cover on wintertime LSA.
Chapter 6: Effect of forest canopy structure on wintertime Land Surface Albedo:
Evaluating CLM5 simulations with in-situ measurements
Algorithms of CLM5 are applied in point mode (PTCLM), forced by hourly point-
scale meteorological driving data and site-specific canopy descriptors (RQ2a). Model
performance of CLM5 is evaluated using UAV measurements of LSA.
Chapter 7: Impacts of time-varying transmissivity on CLM5 simulations of sub-
canopy shortwave radiation
This chapter investigates the ability of CLM5 to replicate sub-canopy shortwave
radiation (RQ2b). Additionally, a time-varying transmissivity is integrated into
CLM5. Results from this modified version of CLM5 are compared to the original
CLM5 simulations.
Chapter 8: Summary and Outlook
In the last chapter, the outcomes of this research are summarized. Future observa-
tional methods and priorities for model development to improve representation of




This chapter will present theoretical background of snow dynamics and land surface
modelling in three parts. Section 2.1 focuses on snow dynamics in open, unforested areas
and introduces energy balance components relevant for this study. In Section 2.2, snow
dynamics of forested areas and their interaction with the atmosphere are described, with
emphasis on radiative processes. Finally, Section 2.3 introduces the land surface model
used in this thesis, the Community Land Model 5.0, and examines its representation of
vegetation and snow, with focus on processes affecting land surface albedo.
2.1 Snow dynamics - unforested areas
At the interface between the atmosphere and the earth’s surface, snow substantially influ-
ences heat and moisture exchange, with implications for the dynamics of the atmospheric
boundary layer. Snow models, which are often part of land surface models, aim to numeri-
cally describe the physics at this interface using snow process parametrizations. These
snow models vary greatly in sophistication and complexity, and although definitions and
perceptions about model complexity vary widely (Baartman et al., 2020), existing snow
models can broadly be put into three categories as suggested by Boone and Etchevers
(2001):
1. Simple single snow layer models (Verseghy et al., 1993, Slater et al., 1998)
2. Multi-layer snow models with detailed internal-snow-process schemes (Anderson,
1976, Lehning et al., 2002)
3. Intermediate complexity snow models, which use simple versions of parametrizations
and a minimal number of layers to enhance computational efficiency (Sun et al.,
1999, Boone and Etchevers, 2001).
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Ultimately, however, snow models compute energy and mass balances of snow on the
ground through semi-empirical and theoretically-based equations, the physical principles
of which will be discussed in the following sections.
2.1.1 Mass balance
The mass balance of a snow pack consists of two parts: accumulation and ablation of snow.
Snow mass accumulation refers to periods where mass from consecutive snowfall events is
cumulatively added to the mass of the snow pack. As snow on the ground is a mixture of
air and all three water phases, several boundary conditions must be satisfied for snowfall
to occur. Firstly, clouds must form. Clouds form in the atmosphere when air rises and
cools until saturation is reached and water vapour condenses on to cloud condensation
nuclei (CCN) to form droplets. In order for snow to form the cloud must then continue to
cool. However, cloud droplets do not immediately freeze at 0°C and liquid can persist in a
supercooled state down to temperatures as low as -38°C. Ice nucleating particles (INPs)
are required for ice formation at warmer temperatures; they provide a surface for ice to
form on to and so trigger the freezing of some of the supercooled droplets to form ice
crystals. These crystals form in an environment that is supersaturated with respect to ice
so they grow rapidly by vapour diffusion – eventually becoming snowflakes that are large
enough to precipitate. Snow flakes can also grow by aggregation, where smaller crystals
collide and stick together (Lohmann et al., 2016).
The amount of snow that accumulates is usually measured in millimeters of snow water
equivalent (SWE), describing the amount of liquid water stored within the snow pack.





HS measurements are much less time consuming to obtain than SWE measurements, hence
several regional parametrizations exist to estimate SWE based on measurements of HS
and estimates of 𝜌𝑏 (e.g. Jonas et al., 2009, Sturm et al., 2010). Fresh snow density largely
depends on the climate and on prevalent air temperatures; Hedstrom and Pomeroy (1998)
found it to to vary from 68 to 143 kg 𝑚−3 in a dry climate in northern Canada. While
each snow model uses different parametrizations for 𝜌𝑏, the Flexible Snow Model (FSM,
Essery, 2015), for example, sets fresh snow density (𝜌𝑏𝑓) to 100 kg 𝑚−3, which increases
with time as the snow pack settles, until maximum cold snow (300 kg 𝑚−3) or wet snow
values (500 kg 𝑚−3) of snow density are reached. If rain on snow (ROS) events occur
and rain refreezes within the snow pack, higher densities can be reached. In open snow
areas with high exposure to wind, blowing snow fluxes further affect the mass balance
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of the snow pack (Mott et al., 2010), a redistribution effect that is often neglected in
snow models used for larger scale and spatially distributed applications (Xie et al., 2019).
Sublimation of the blowing snow and the associated mass loss additionally contribute to
wind redistribution effects in open environments (Male and Granger, 1981).
Ablation refers to the removal of snow water equivalent (SWE) from the land surface.
If there is sufficient energy to warm the surface layer above the melting point of snow
(0∘C), snow melt can occur. It is a two-step process of warming, then melting, which is
usually driven by a net positive radiation balance. However, during patchy snow cover
conditions, local advection of sensible heat can substantially contribute to ablation (Pohl
et al., 2006, Mott et al., 2011). Melt occurring at the top of the snow pack often percolates
through and refreezes within the snow pack, hence not every melt event will result in mass
loss. Substantial melt can only occur once the entire snow pack is isothermal at 0°C; and
any positive change in the internal energy of the snow pack will then result in ablation
(Anderson, 1976). Ultimately, snow melt reduces the snow mass until the entire snow pack
has melted.
2.1.2 Energy balance
The energy budget of the snow pack is made up of net shortwave radiation (SWRnet),
net longwave radiation (LWR𝑛𝑒𝑡), turbulent heat fluxes (THF), energy of the snow pack
phase changes (PCH), heat exchanged with the ground (GHF) and heat advected by
precipitation (PHF). Principles of energy conservation mean the change in internal energy
of the snow pack, per unit area and time step (𝑑𝑈𝑠
𝑑𝑡




= SWRnet + LWRnet + THF + PCH +GHF + PHF (2.2)
Shortwave radiation
Shortwave radiation lies in the spectral band from 0.2 to 3.5µ𝑚, including wavelengths
in the visible, near-infrared and near-ultraviolet spectra (White et al., 1998), with the
majority lying between 0.3 and 2µ𝑚 (Melloh et al., 2002). Under most conditions, incident
shortwave radiation (↓ SWR) is the most important energy source for the snow pack,
although during homogeneous cloud cover conditions, longwave radiation can be a similar
or even larger energy source due to the enhanced atmospheric emissivity (Granger and
Gray, 1990, Sicart et al., 2006). Top of atmosphere incoming shortwave radiation is
averaged at ∼1370 W m−2. Due to absorption and scattering by molecules of gases, liquids
and solids in the atmosphere, this is reduced before reaching the surface of the earth.
Therefore, solar beams arriving at the earth consist of a direct and a diffuse component;
11
direct beam if it has not been scattered while passing through the atmosphere, and diffuse
otherwise, whereby the relative contribution of each is largely dependent on atmospheric
conditions. On a clear-sky day, the contribution of direct beam radiation can lie between
0.4 and 0.8, while on overcast days it approaches 0 as diffuse radiation dominates (Carroll,
1985). Diurnal and seasonal change in the magnitude of direct solar radiation is controlled
by the position of the sun in the sky, described by zenith and azimuth angle, and hence has
a strong directional component. The converse is true for diffuse radiation, which emanates
from the entire sky hemisphere, but with a varying intensity distribution. The proportion
of diffuse radiation, as part of total incoming shortwave radiation, increases with increasing
solar zenith angle as the potential for radiation attenuation through scattering increases
with increasing solar beam path length.
Net shortwave radiation is
SWRnet =↓ SWR− ↑ SWR =↓ SWR(1− 𝛼) (2.3)
where ↑ SWR is the upwelling shortwave radiation and 𝛼 is the land surface albedo (LSA).
LSA describes the spectrally integrated reflectance of the earth’s surface, which is strongly
dependent on optical properties, as well as on surface roughness and the angular and
spectral distribution of ↓ SWR. The extremely reflective nature of snow results in a large
proportion of incoming shortwave radiation being reflected, as fresh snow has an overall
albedo of up to 0.95, which decreases to about 0.4-0.5 as it ages (Wiscombe and Warren,
1980).
Generally, snow albedo decreases with time, and is refreshed with every snow fall. As
snow ages, snow grain size of snow increases due to liquid water filling the air between
grains. This metamorphosis of snow causes a reduction in snow albedo due to an increased
chance of a photon of light being absorbed (Warren, 1982). From a spectral perspective,
snow albedo is high in the shorter wavelengths (near-UV and visible, <0.7µ𝑚) and low for
longer wavelengths (e.g. near-IR, 0.8-1.5µ𝑚). Studies have further found snow albedo to
increase as zenith angle increases (Yang et al., 2008) and more recently the importance of
azimuth angle for snow albedo has been highlighted by Manninen et al. (2020). Cloud
cover also majorly affects the spectral distribution of the incoming solar beam, which
leads an increase in snow albedo. Snow depth only affects snow albedo in very shallow
snow packs, as once HS exceeds a few centimeters the ground does not contribute and
snow albedo approaches its asymptotic value (Wiscombe and Warren, 1980). Albedo of
snow-covered surfaces is further affected by light-absorbing particles (dust, black carbon,
microbial growth), which can lead to substantial reductions in snow albedo, especially in
the visible spectrum (Skiles et al., 2018).
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Longwave radiation
Radiation in the spectral range from 4 to 100µm is classified as longwave radiation, which
is emitted by both the atmosphere and the earth itself. Net longwave radiation consists
of down-welling longwave radiation from the atmosphere (↓ LWR) and emitted longwave
radiation from the earth (↑ LWR), both of which are assumed to be non-directional (i.e.
isotropic):
LWRnet =↓ LWR− ↑ LWR (2.4)
Down-welling longwave radiation is dependent on atmospheric temperature, water vapour
and carbon dioxide distribution. Emitted longwave radiation depends on radiative tem-
perature and emissivity of the surface. LWR is usually calculated following the Stefan
Boltzmann law, which relates radiant heat power emittance of any body to that of an
idealized black body, which it states to be proportional to the forth power of its absolute
temperature:
LWR = 𝜎𝜖𝑇 4 (2.5)
where 𝜎 is the Stefan Boltzmann constant (5.67 · 10−8𝑊𝑚−2𝐾−4), 𝜖 is the emissivity of
the body (0 - 1), and T is temperature in Kelvin (atmospheric temperature for ↓ LWR and
surface temperature for ↑ LWR calculations). When calculating ↓ LWR, the emissivity is
strongly affected by cloud cover, as clouds are strong emitters with emissivities close to 1,
while under clear sky conditions, 𝜖 can be as low as 0.6 (Berdahl and Fromberg, 1982).
For calculation of ↑ LWR, snow behaves almost as a perfect black body, with 𝜖 generally
assumed to be as high as 0.98 (Warren, 1982).
Turbulent fluxes
Turbulent eddies in the surface boundary layer are responsible for heat fluxes, where
turbulent mixing of air molecules transfers heat and moisture to and from the snow surface
(Morris, 1989). Turbulent heat fluxes are partitioned into sensible (𝐻𝑆) and latent heat
flux (𝐻𝐿), where sensible heat fluxes are associated with convection and driven by the
temperature gradient between the snow surface and the atmosphere, and latent heat fluxes
are driven by differences in vapour pressure between the surface and the atmosphere and
is therefore related to the phase change of water. Hence, sensible and latent heat fluxes
can be described by the covariance of vertical air velocity with changes in temperature (T)
and specific humidity (Q) respectively, which are approximated by logarithmic profiles of
temperature, humidity and wind above the surface.
Turbulent fluxes are calculated as:
𝐻𝑆 = 𝜌𝑎𝑐𝑝𝑎𝐶𝐻𝑢(𝑇𝑎 − 𝑇0) (2.6)
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𝐻𝐿 = 𝜌𝑎𝐿𝑣𝑖𝐶𝑄𝑢(𝑄−𝑄0) (2.7)
where 𝜌𝑎 is the density of air, 𝑐𝑝𝑎 is the specific heat of air at constant pressure (1.01 x
103 J kg−1 K−1), 𝐿𝑣𝑖 is the latent heat of sublimation for ice (2.838 × 106 J kg−1 at 0∘C),
u is the wind speed at reference height z, 𝑇𝑎 and Q are the air temperature and specific
humidity at reference height z, and 𝑇0 and 𝑄0 are the temperature and specific humidity at
the snow surface. 𝐶𝐻 and 𝐶𝑄 are the bulk transfer coefficients for heat and water vapour
respectively, which depend on atmospheric stability and surface roughness calculated by
Monin–Obukhov surface layer similarity theory (Monin and Obukhov, 1954).
Remaining fluxes
The ground heat flux (GHF), is advected or conducted at the interface between the ground
and the snow pack. The energy of snow pack phase changes (PCH) accounts for latent
heat fluxes, e.g. melt-water refreezing in a snow pack. Heat advection by precipitation
(PHF) results from the temperature of precipitating water (snow/rain) differing from the
snow pack temperature. While the relative contribution of the different energy balance
fluxes depends on prevailing meteorological and topographical conditions, PCH, GHF and
PHF generally contribute on a minor level to the overall energy balance of the snow pack.
PHF and PCH are mostly neglected in large-scale models.
2.2 Snow dynamics - forested areas
From Section 2.1 it is clear that snow pack dynamics consist of a myriad of often interlinked
processes and are therefore difficult to simulate. Where snow packs are overlain by a forest
canopy, the presence of trees exerts a principal control on these snow pack dynamics and
further increases complexity (Musselman and Pomeroy, 2017, Roth and Nolin, 2017) by
changing every part of the energy exchange between the land surface and the atmosphere.
Figure 2.1 visualizes a partially snow-covered forest stand, with individual energy fluxes
highlighted.
2.2.1 Mass balance - intercepted snow
From a mass balance perspective, intercepted snow in the canopy, which subsequently is
unloaded, melted, redistributed or sublimated, can be the dominant component of the mass
budget. During a snow-fall event in mid-winter, up to 60% can be stored as interception
by the forest canopy, and throughout a winter period, 30-40% of it can be returned back
to the atmosphere as water vapor via sublimation, as shown in a dry and cold climate
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Figure 2.1: Schematic of forest-snow-atmosphere energy fluxes, adapted from Jonas and Essery (2011).
The following abbreviations are used in the graphic: LWR is longwave radiation, SWR is shortwave
radiation, PCF is the energy of snow pack phase changes, PHF is heat advection by precipitation, SCF
is snow-covered fraction, 𝛼𝑠𝑛𝑜𝑤 is the snow albedo and 𝛼𝑠𝑜𝑖𝑙 is the albedo of the soil.
in Canada by Pomeroy and Schmidt (1993). Intercepted snow further affects the energy
budget, as the presence of snow on the canopy alters the amount of solar radiation that is
reflected by the land surface (Leonard and Eschner, 1968), which will be addressed in the
subsequent sections.
2.2.2 Energy balance - surface radiation
Radiation exerts a primary control on the snow cover energy budget in forested envi-
ronments (Sicart et al., 2004, Ellis et al., 2011); during springtime it can account for
up to 92% of the energy available for snow-melt (Link and Marks, 1999). Consequently,
accurate simulation of energy fluxes between the land surface and the atmosphere, with
resulting melt-water runoff from snow-dominated forested watersheds, requires reliable
estimates of radiative transfer processes through vegetation canopies (Lawler and Link,
2011, Seyednasrollah and Kumar, 2014). Compared to open areas, the presence of a forest
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canopy attenuates shortwave radiation and enhances longwave radiation by absorption
of shortwave radiation and re-emittance as longwave (e.g. Sicart et al., 2004), further
affecting the timing, intensity, and duration of snow melt (Male and Granger, 1981). Forest
structure and atmospheric conditions determine the relative importance of longwave and
shortwave radiation (Pomeroy et al., 2009, Klos and Link, 2018). During periods of low
solar irradiance, in combination with full snow cover and low atmospheric emissivity,
canopy-induced attenuation of shortwave radiation is offset by longwave enhancement
(Sicart et al., 2004, Webster et al., 2016b).
Longwave Radiation
The presence of trees often enhances longwave radiation reaching the sub-canopy snow
surface. In dense forest stands, this longwave enhancement can be as high as 1.5 (Webster
et al., 2016b, 2017). During spring-time, this has substantial impacts on melting, as on
clear sky days net longwave radiation fluxes into the snow pack can exceed 40 W m−2
(Webster et al., 2016b). In order to account for this, downwelling longwave radiation
needs to be split into two parts: downwelling longwave radiation from the atmosphere
(LWRac) and incoming fluxes from the surrounding trees; the respective weights of each
are determined by a factor describing the density of the forest canopy. The combined
sub-canopy incoming longwave radiation at a point on the snow surface can be calculated
by:
↓ LWR = VFSkyLWRac + (1 − VFSky)𝜎𝜖𝑐𝑇 4𝑐 (2.8)
where VFSky is the sky view fraction for the point of interest, which ranges from 0 to 1
where 0 means the sky is obscured completely (dense forest) and 1 means no trees are
present. This parameter is interchangeable with other canopy density descriptors, e.g.
Plant Area Index (PAI) and Canopy Coverage (CC), depending on which model is used.
The emmisivity of the canopy (𝜖𝑐) is assumed to be 0.98 for forests (Essery, Pomeroy, Ellis
and Link, 2008). The canopy temperature (Tc) is often assumed to equal air temperature
above the canopy (Essery, Pomeroy, Ellis and Link, 2008).
However, especially during high insolation periods, canopy temperatures exceed air tem-
peratures (Pomeroy et al., 2009), which can result in simulation errors of up to 40 W
m−2 as demonstrated by Webster et al. (2016b) based on extensive field measurements in
midlatitude coniferous forest stands. Webster et al. (2016b) mitigated this problem by in-
corporating a measured trunk view component and trunk temperature into Equation (2.8).
Todt et al. (2018) further observed an overestimated range of longwave enhancement in the
Community Land Model 4.5 (CLM4.5) and demonstrated improved model performance
upon partitioning the vegetation canopy into two layers.
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Shortwave Radiation
Net shortwave radiation of forested, snow-covered areas is more challenging to compute
than net shortwave radiation of open snow-covered areas, particularly in discontinuous
forest stands that consist of clearings and gaps (Baldocchi and Collineau, 1994). From
an above-canopy perspective, the low albedo of trees can mask high sub-canopy snow
albedo (Bonan, 2008), which decreases the overall reflectivity of the land surface (Betts and
Ball, 1997). However, intercepted snow following snow-fall events can lead to temporary
increases in LSA (Betts and Ball, 1997, Kuusinen et al., 2012). Below the forest canopy,
the presence of forest litter has been found to substantially reduce forest floor snow albedo
(Melloh et al., 2001). Wintertime LSA of forested environments also changes in response
to tree species (Kuusinen et al., 2014), and varies in terms of forest structure (Bright
et al., 2018) and seasonality (Kuusinen et al., 2012). Webster and Jonas (2018) further
highlighted the importance of canopy structural shading of the snow surface for LSA during
clear sky conditions by demonstrating shading-induced variations in LSA to be equally as
important as interception-induced variations. All these factors collectively control LSA
and net shortwave radiation of seasonally snow-covered forests, but uncertainty persists
about how well they are represented by hydrological and land surface models.
As outgoing shortwave radiation is governed by reflection and scattering, sub-canopy
radiation processes are vital for both forest floor snow dynamics and overall LSA. Trees
strongly modify the transmission of solar radiation to the snow pack, which results in
sub-canopy radiation fluxes that are highly variable in space and time, and controlled
by the forest canopy architecture (Link et al., 2004, Malle et al., 2019). Transmissivity
(𝜏) is the dimensionless ratio of radiation transmitted through a forest canopy to that
incident above the canopy. Very dense forests prevent almost all incoming shortwave
radiation from reaching the forest floor and hence have transmissivities approaching zero,
while discontinuous forests can have transmissivities exceeding 50% (Reid and Essery,
2013).
𝜏 is commonly estimated by an adaption of the Beer-Lambert’s Law, which assumes
an exponential reduction in SWR as it passes through the canopy (e.g. Nijssen and
Lettenmaier, 1999, Hellström, 2000):
𝜏 = 𝑒−𝑘·𝐿𝐴𝐼 (2.9)
where 𝑘 is an empirical extinction factor to account for orientation and clumping of canopy
elements as well as for the direction of the incident solar radiation, and LAI is the leaf
area index, which characterizes canopy density. LAI is also interchangeably referred to as
Vegetation Area Index (VAI) or Plant Area Index (PAI) (Jonckheere et al., 2004), and
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definitions vary, with the most universal being that LAI equals half of the total leaf area
per unit ground surface area (Chen et al., 1997).
While there are many variations of the Beer-Lambert approach, it generally assumes the
canopy to be an isotropic, homogeneous scattering medium with a random distribution
of leaves and a spherical foliage angle distribution (Sicart et al., 2004). Directionality of





where 𝜃 is the solar zenith angle of the incoming solar beam. This approach allows
sub-canopy radiation to be split into direct and diffuse components, where the direct
component is modelled as a function of solar angle (via 𝑘𝑑𝑖𝑟), while the diffuse component
does not vary temporally and is proportional to VFSky (Link et al., 2004, Sicart et al.,
2004).
More recently, Lawler and Link (2011) came up with a model that accounts for gaps
exceeding the typical spacing between trees (e.g. the surrounding tree height). Other
studies have also included various gap-fraction estimates (e.g. Seyednasrollah and Kumar,
2014), but such approaches still do not account for the 3-D structure of forest canopies, and
hence do not replicate the temporal aspect of solar beam and canopy element interaction.
Emerging errors due to this simplification are highest in late spring and heterogeneous
forest stands (Musselman et al., 2013). More detailed approaches are also available, for
example the geometric optical radiative transfer (GORT) model (Li et al., 1995), which
includes multiple scattering within the canopy as well as between the canopy and the forest
floor and further takes the exact 3-D geometry of the canopy into account. 3-D ray tracing
models are emerging, (e.g. Musselman et al., 2013) but the computational efficiency is not
yet sufficient to be used over large spatiotemporal extents. Kükenbrink et al. (2020), for
example, recently came up with a 3-D radiative transfer model parameterization using
Light detection and ranging (LiDAR) and spectroscopy data for tropical and temperate
forest stands, and showed that the structure of a forest stand has a more pronounced impact
on the light regime than leaf optical properties itself. Due to computational demands,
however, their study sites were limited to two 60 x 60 m plots, further underlining that
the the computational efficiency of such approaches is not yet sufficient to be used over
large spatiotemporal extents.
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2.3 Modelling forest-snow-atmosphere interactions
with CLM5
The Community Land Model 5.0 (CLM5) is the land component of the Community
Earth System Model (CESM v2.0) which was developed by the National Center for
Atmospheric Research (NCAR). CLM5 is a state of the art, process-based land surface
model that simulates carbon, nitrogen and energy exchange between the atmosphere and
the terrestrial earth, a technical description of which is provided by Lawrence et al. (2018).
CLM5 participates in multiple model intercomparision projects, for example the Land
Surface, Snow and Soil Moisture Model Intercomparison Projects, e.g. LS3MIP (Van
Den Hurk et al., 2016), which is part of the phase 6 Coupled Model Intercomparison
Project (CMIP6). Furthermore, CLM5 also participates in the Earth System Model-Snow
Model Intercomparison Project version 3 (ESM-SnowMIP3, Krinner et al., 2018, Menard
et al., 2020), a modelling effort to evaluate current snow schemes against local and global
observations in a wide variety of settings. As CLM5 is a well-documented and completely
open-source community model, with advanced process representations of forest canopy
and snow, which is widely used by the climate modeling community, it is an appropriate
choice of model to address the research questions of this study.
2.3.1 Model structure
CLM5 by default is run over a global domain at different user-determined spatial resolutions
(e.g. 0.25°, 0.5°, 1°, 2° grid-cells). Spatial land surface heterogeneity within each grid-cell
is accounted for via a nested sub-grid hierarchy system which includes three levels: the
land-unit level, the column level and the patch level (Figure 2.2). Each grid-cell can be
split up into either one or several land-units (glacier, lake, urban, vegetated, crop whereby
crop is only used if the crop model is active). Some physical state variables are already
defined at this first sub-grid level (e.g. temperature, humidity).
In this study, the focus is solely on the vegetated land-unit, which has a single column
assigned: the soil and snow column. This column consists of up to 20 soil layers, up to 5
bedrock layers and up to 10 snow layers. It is at this sub-grid level where variables like
number of snow layers and soil roughness length are defined, and fluxes within the soil
and snow are calculated, which provide a single set of upper boundary conditions. The
third and final level of this hierarchy are patches, where plant functional types (PFT) are
defined for vegetated land-units. Vegetation state variables (e.g. vegetation temperature,
intercepted snow), which affect fluxes to and from the surface, are defined at this third
sub-grid level (Oleson et al., 2010).
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CLM5 differentiates between 16 possible PFT, all of which can coexist within one column.
Figure 2.2 mentions 12 of those: bare ground, needle-leaf evergreen trees (temperate
and boreal, NET), needle-leaf deciduous trees (boreal, NDT), broad-leaf evergreen trees
(tropical and temperate, BET), broad-leaf deciduous trees (tropical, temperate and boreal,
BDT), broad-leaf evergreen shrub (temperate, BLES) and broad-leaf deciduous shrub
(temperate and boreal, BLDS). Omitted are 3 different kinds of grass (C3 arctic grass, C3
grass and C4 grass) and un-managed, rain-fed crops.
Figure 2.2: Configuration of the CLM5 subgrid hierarchy, with focus on vegetated areas.
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Table 2.1: Percentage coverage and Plant Area Index across the Northern Hemisphere for PFTs of
interest. Values are derived from the 0.25° surface dataset, as used by CLM5.













Vegetation in CLM5 is conceptually represented by a homogeneous layer of leaves covering
the land surface (also referred to as the big-leaf approach). Vegetation structure for each
PFT is described by a monthly varying Leaf Area Index (LAI) and Stem Area Index
(SAI), as well as canopy top and bottom heights. Percent PFT for each grid cell are
derived from Moderate Resolution Imaging Spectroradiometer (MODIS) measurements
(Lawrence and Chase, 2007), as are LAI and SAI values which vary by month. LAI and
SAI are totaled to create a Plant Area Index (PAI). Table 2.1 shows percentage coverage
of vegetated areas and corresponding winter-averaged (December-May) PAI values for the
PFTs that overlap with snow-covered areas across the northern hemisphere. Magnitudes
of percentage coverage of vegetated areas and PAI in Table 2.1 are based on a 0.25° global
input surface dataset of CLM5. Note the large difference in PAI between needle-leaf and
deciduous forest stands: While deciduous forests are rarely described by a PAI exceeding
2, the majority of needle-leaf forests have a PAI above 3. Canopy top and bottom heights
are defined per PFT and do not vary across the globe or within a year (see Table 2.2 for
PFTs in snow-covered regions).
Table 2.2: Canopy top and bottom heights for PFTs in snow-covered regions, as used by CLM5.
Plant functional Type Canopy top height (m) Canopy bottom height (m)
Needleleaf evergreen tree - boreal & temperate 17 8.5
Needleleaf deciduous tree - boreal 14 7
Broadleaf deciduous tree - boreal & temperate 20 11.5
2.3.3 The two-stream approximation
Shortwave radiative transfer through a single ’big leaf’ layer is calculated using a two-
stream approximation (Dickinson, 1983, Sellers, 1985), which provides a framework to
calculate surface albedo and light absorption in the canopy while also accounting for
multiple reflections by the leaves. Multi-directional scattering of photons is reduced to
only two radiative fluxes, one upward and one downward. Implementation of the two-
stream approximation in CLM5, described in detail by Bonan et al. (1996), consists of a
coupled pair of inhomogeneous differential equations for the upward (Equation (2.11)) and
downward (Equation (2.12)) radiative flux and is solved separately for the visible and near
infra-red spectrum, as well as for incident direct and diffuse radiation. Ultimately, the
two-stream approximation determines how forest canopies control reflection, absorption
and transmission of solar energy.
When solving the two-stream approximation the following assumptions are made:
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• Diffuse radiative fluxes are isotropic in upward and downward directions (Reality:
as the angle between a leaf and a beam increases, the reflectivity decreases)
• Forest canopy is horizontally uniform.
• Leaves are treated as flat plates, no difference in bottom and top faces.
• Leaves are randomly arranged in space.








+ [1− (1− 𝛽)𝜔]𝐼 ↓ −𝜔𝛽𝐼 ↑= 𝜔𝜇𝐾(1− 𝛽0)𝑒−𝐾𝐿 (2.12)
where 𝐼 ↑ and 𝐼 ↓ are the upward and downward diffuse radiative fluxes, 𝑃 is the combined
exposed leaf and stem area index (Plant Area Index, PAI), 𝐾 is the optical depth of the
direct solar beam per unit plant area, and 𝜇 is the average inverse diffuse optical depth
per unit plant area. For optical properties: 𝛽 and 𝛽0 are upscatter parameters for diffuse
and direct radiation respectively, and 𝜔 is the scattering coefficient.
Equation (2.11), which describes the vertical profile of the upward diffuse radiative flux
within the canopy comprises a term (−𝜇𝑑𝐼↑
𝑑𝑃
) which describes the attenuation of the upward
diffuse flux, a term ([1− (1− 𝛽)𝜔]𝐼 ↑) which computes the fraction that is rescattered in
an upward direction following interaction with leaf elements and a term (𝜔𝛽𝐼 ↓) which
calculates the fraction of the downward diffuse flux converted into an upward diffuse flux
by back-scattering. These three terms are counter-balanced by a final term (𝜔𝜇𝐾𝛽0𝑒−𝐾𝐿),
which describes the contribution of the upward diffuse flux by scattering of direct incident
flux. Similar descriptions apply to Equation (2.12).
At time-steps with no snow present in the canopy, the optical parameters 𝜔, 𝛽 and 𝛽0
are calculated based on weighted leaf and stem transmittance and reflectance, which for
each PFT and wavelength are defined by Dorman and Sellers (1989) and Asner et al.
(1998). In contrast to previous versions of CLM, CLM5.0 explicitly accounts for snow
in the canopy via a revised snow interception scheme, which introduces separate storage
terms of liquid and solid phases of water. The amount of intercepted snow in the canopy
is calculated explicitly, from which a canopy intercepted snow fraction (𝑓𝑟𝑎𝑐𝑖𝑛𝑡𝑒𝑟𝑐) can be
obtained. 𝑓𝑟𝑎𝑐𝑖𝑛𝑡𝑒𝑟𝑐 is then used to adjust the overall optical reflectance parameters 𝜔 and
𝛽 at time-steps where canopy snow is present:
𝜔 = (1− 𝑓𝑟𝑎𝑐𝑖𝑛𝑡𝑒𝑟𝑐)𝜔𝑙𝑒𝑎𝑓 + (𝑓𝑟𝑎𝑐𝑖𝑛𝑡𝑒𝑟𝑐)𝜔𝑠𝑛𝑜𝑤 (2.13)
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𝛽 = (1− 𝑓𝑟𝑎𝑐𝑖𝑛𝑡𝑒𝑟𝑐)𝛽𝑙𝑒𝑎𝑓 + (𝑓𝑟𝑎𝑐𝑖𝑛𝑡𝑒𝑟𝑐)𝛽𝑠𝑛𝑜𝑤 (2.14)
The optical properties 𝜔𝑠𝑛𝑜𝑤 and 𝛽𝑠𝑛𝑜𝑤 are defined in Table 2.3, which are from Sellers
et al. (1986).




2.3.4 Snow and soil albedo
In order to calculate resulting LSA using the two stream approximation, ground albedo
parametrization is required. Depending on the snow cover fraction (𝑓𝑠𝑛𝑜), the ground
albedo (𝛼𝑔𝑟) is a weighted combination of soil and snow albedo (𝛼𝑠𝑜𝑖𝑙 and 𝛼𝑠𝑛𝑜𝑤):
𝛼𝑔𝑟 = 𝛼𝑠𝑜𝑖𝑙(1− 𝑓𝑠𝑛𝑜) + 𝛼𝑠𝑛𝑜𝑤𝑓𝑠𝑛𝑜 (2.15)
where 𝛼𝑔𝑟 is calculated separately for direct and diffuse radiation. This is only relevant for
𝛼𝑠𝑛𝑜𝑤, as in CLM5 𝛼𝑠𝑜𝑖𝑙 is identical for direct and diffuse radiation and only a function of
the soil colour class and water content of the surface soil layer.
SNow ICe and Aerosol Radiation model (SNICAR)
Snow albedo in CLM5 is calculated via the SNow ICe and Aerosol Radiation model
(SNICAR), which uses the two-stream radiative transfer solution of Toon et al. (1989).
Albedo of the underlying substrate is a boundary condition for radiative transfer simulations
of SNICAR. SNICAR considers the composition of snow (ice, carbon, dust) as well as
snow ageing using separate fractions for old snow, refrozen liquid and fresh snow. Snow
albedo and a snow pack vertical light absorption profile are calculated, both of which are
dependent on: (a) solar zenith angle, (b) albedo of the substrate underlying the snow, (c)
mass concentrations of aerosols, and (d) the snow effective grain size. SNICAR computes
albedo and a vertical absorption profile for 5 spectral bands (1 visible, 4 near infra red).
For the visible spectra only, SNICAR applies the Delta Eddington Approximation (Joseph
and Wiscombe, 1976) to account for the strong forward scattering in snow. For each snow
layer (up to 5, depending on snow depth), the following bulk optical properties have to be
calculated: extinction optical depth (𝜏), single scatter albedo(𝜔) and scattering asymmetry
parameter (𝑔). Flanner and Zender (2005) gives an in-depth description of SNICAR and
its implementation in CLM5.
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Chapter 3
Observational field data collection
In this chapter, methods used for observational field data collection are introduced alongside
data quality control measures and a detailed description of all field sites. Firstly, the
custom-made cable car system, used for below canopy measurements is described (RQ1a
and RQ2b). Then, the uncrewed aerial vehicle (UAV) system, used for measurements of
LSA is presented (RQ1b and RQ2a). Methods used to collect meteorological reference
data, necessary to provide boundary conditions on measurement days (RQ1a-b) and to
generate CLM5 forcing data (RQ2a-b), are discussed. In the second part of this chapter,
all field sites located in a) alpine and sub-alpine and b) boreal forest environments are
described in detail.
3.1 Field methods
3.1.1 Cable car system
The cable car system, as pictured in Figure 3.1, included a 8mm steel cable tightened
between two trees with a manual wire rope hoist (HABEGGER, load capacity 8kN) and a
custom-made cable car, which served as a moving net-radiometer. The height of the cable
varied between 1 and 3m, depending on local surface topography and snow height. The
horizontal profile of the transect was maintained using a distometer (Leica Disto X310)
with an accuracy of ± 1cm. The cable car included up- and down-looking short- and
longwave radiation sensors (Kipp and Zonen CMP3 pyranometers and CGR3 pyrgeometers)
as well as a down-looking Sony Alpha NEX6 16.1MP camera with a Yasuhara Madoka f/4
7.3mm 180∘ fisheye lens. Furthermore, an inclinometer (Kelag KAS901-51A) recorded the
tilt of the system in x- and y direction to an accuracy of 0.01∘. The cable car moved at a
constant speed of 0.07m/s, while the radiation sensors, connected to a Campell Scientific
CR1000 data-logger, measured at 1 second intervals. Movement was controlled by a motor
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(Micro motors E192.12.67) and powered by a 5200mAh Li-Ion battery. Switches on each
end of the cable car allowed for automatic reversal in direction upon reaching either end
of the cable.
(a) (b)
Figure 3.1: (a) Cable car system attached to steel cable and in action at the transect in Davos Laret
(CH). (b) Cable car system with up- and down-looking shortwave and longwave sensors, as well as the
hemispherical camera, inclinometer and switches highlighted.
3.1.2 Uncrewed aerial vehicle (UAV) system
Above-canopy albedo was measured using a DJI S1000 spreading wings octocopter UAV,
which was equipped with up- and down-looking Kipp and Zonen CMP3 shortwave radiation
sensors (Figure 3.2). The radiation sensors, connected to a Campell Scientific CR300
data logger, measured at one second intervals. The UAV featured retractable legs, which
assured no occlusion of the field of view of the down-looking radiation sensor.
The UAV was controlled by a WooKong-M autopilot system, and on-board navigation
using integrated Global Navigation Satellite Systems (GNSS) was assured using an Inertial
Measurement Unit (IMU), barometer and compass components. The UAV was powered by
a 16000 mAh battery, which allowed flight times up to 15 minutes. Flight data including
longitude, latitude, altitude, velocity, acceleration, pitch, roll and yaw were recorded with
a DJI iOSD Mark II. A 2.4GHz data-link enabled constant connectivity between the UAV
and a ground station unit. This enabled high accuracy positioning and stabilization of the
UAV in winds up to 28 km/h.
A Bluetooth connection was used to enable communication between the ground station
and a tablet computer, which was used to program and navigate flights using the DJI iPad
Ground Station app (v. 1.4.63). While the take-off and landing of each flight was controlled
manually, the flight plan was autonomous, allowing consistency in the repeat-ability and
comparability between flights. A different flight plan was programmed for each field site,
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all of which are shown in Section 3.2. Each flight plan covered between 8 and 13 waypoints
(WPs) along total flight lines of between 160 and 250m in length. UAV flying height was
15-20m above canopy. The UAV was set to hover at each WP for 15 seconds to account
for the response time of the radiation sensors. Both vertical and horizontal speeds were
set to 1m/s.
Radiation data for each WP was only used if at least 6 seconds of data were within a 3m
buffer in x, y and z directions around a defined WP coordinate. In addition, a filter was
applied to omit any data exceeding a sensor tilt threshold of 5∘ or more, as suggested by
Bogren et al. (2016). On clear sky days, if the standard deviation of incoming shortwave
radiation throughout a flight was below 10 W m−2 and the difference between minimum and
maximum was below 30 W m−2, the mean of all measured incoming shortwave radiation
data was used for LSA calculation at each WP. This further minimized the effect of
directional tilt error due to the position and orientation of the up-looking UAV radiation
sensor relative to the sun.
A down-looking Sony Alpha NEX6 16.1MP camera with a Yasuhara Madoka f/4 7.3mm
180∘ fish-eye lens was attached to the UAV. The Sony Alpha NEX6 was operated using
a the Sony Time-lapse app (v. 3.40) with automatic triggering at 1 second intervals.
Each down-looking hemispherical photograph captured the 180∘ view-field of the adjacent
down-looking pyranometer.
(a) (b)
Figure 3.2: UAV system. (a) DJI S1000 drone in action: Legs are retracted, flight data is recorded
and LSA measurements are taken. (b) UAV system, with up and down-looking CMP3 shortwave
radiation sensors, CR300 datalogger and Sony NEX6 camera highlighted.
3.1.3 Meteorological reference data
Meteorological reference data served two purposes in this study: firstly, it provided a con-
tinuous set of atmospheric boundary conditions for every measurement day which allowed
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identification of clear-sky vs. cloudy meteorological conditions. Secondly, meteorological
driving data for CLM5 model experiments was required to simulate LSA. Meteorological
variables needed to drive CLM5 simulations include temperature (𝑇𝑎𝑖𝑟), relative humidity
(𝑅𝐻), wind speed (𝑈𝑎), incident longwave radiation (𝐿𝑊𝑅), incident shortwave radiation
(𝑆𝑊𝑅), precipitation (𝑃 ) and pressure (see Table 3.1). Meteorological data were measured
at 1-hour temporal resolution using automatic weather stations (AWS) in unforested, open
locations within 1 km of each forest site.
The majority of data was collected at two locations: a sub-alpine environment in Davos
Laret, Switzerland and an arctic boreal environment in Sodankylä, Finland. Meteorological
reference data for Davos Laret was obtained from an AWS operated by MeteoSwiss (DAV2
station, 46.812969N 9.843558E 1594m.a.s.l.), while for Sodankylä, data were measured by
an AWS operated by the Finnish Meteorological Institute (FMI-ARC station, 67.367N
26.629E 179m.a.s.l.). Table 3.1 summarizes the sensors at each of the AWS. At Davos
Laret, meteorological data were collected in winter 2017/18 (Figure 3.3) and at Sodankylä
meteorological data were collected in winter 2018/19 (Figure 3.4), both of which were used
as reference data for UAV and cable car measurements, and as forcing data for all CLM5
simulations.
Table 3.1: Measured meteorological variables and sensors at Davos Laret (DAV2 station) and Sodankylä
(FMI-ARC station).
Variable Sensor DAV2 Sensor FMI-ARC
Temperature [K] meteolabor ag VTP37 Rotronic PT100
Relative Humidity [%] meteolabor ag VTP37 Vaisala HMP
Wind speed [m s−1] Lambrecht L14512 Vaisala WAA25
Longwave radiation [W m−2] Kipp&Zonen CG4 Kipp&Zonen CG4
Shortwave radiation [W m−2] Kipp&Zonen CM21 Kipp&Zonen CM11
Precipitation [mm s−1] Lambrecht 1518 H3 Ott Messtechnik Pluvio2
Pressure [Pa] Vaisala PTB330 Vaisala PTB201A
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Figure 3.3: Meteorological reference data at Davos Laret, Switzerland. Data (air temperature,
relative humidity, longwave radiation, shortwave radiation, wind speed, pressure and precipitation)
measured at the DAV2 station.
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Figure 3.4: Meteorological reference data at Sodankylä, Finland. Data (air temperature, relative
humidity, longwave radiation, shortwave radiation, wind speed, pressure and precipitation) measured
at the FMI-ARC station.
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3.1.4 Sensor calibration
The cable car and the UAV systems used identical sensors to measure shortwave radiation
(Kipp and Zonen CMP3, class II instruments), while the cable car additionally used
two longwave radiation sensors (Kipp and Zonen CGR3, class II instruments). Relative
comparison between sensor performance is especially important when calculating albedo
(ratio of outgoing and incoming shortwave radiation). Hence, several calibration campaigns
were performed (e.g. Figure 3.5) during a wide range of meteorological conditions and
for many solar angles. Calibration analysis showed a maximum difference of 3.8 W m−2
between the longwave CGR3 measurements and of 45 W m−2 between the shortwave CMP3
measurements. As the largest variation in SWR measurements was noted during the middle
of the day, a solar angle dependent correction was applied to the down-looking SWR sensors
mounted onto the UAV. Variation in the longwave instruments was within measurement
uncertainty, hence no correction was applied. Details of the sensor calibrations and
resulting correction can be found in Appendix A.
(a) (b)
Figure 3.5: Sensor calibration setup in (a) Davos (CH) and (b) Sodankylä (FIN).
3.2 Field sites
Data were collected at 6 field sites in two climatically different environments. Two sites
were in boreal forest environment in Sodankylä, Finland, and four sites (Davos Laret,
Maienfeld, Flin, Ofenpass) in sub-alpine and alpine forest environments in Switzerland
(Figure 3.6). Climatically different behaviour of the Swiss and the Finnish sites is largely
due to their latitudinal difference (46∘ vs 67∘N), which strongly affects incoming shortwave
radiation, e.g. very low incoming shortwave radiation between December and February
in Sodankylä (Figure 3.4) and different incoming shortwave radiation and corresponding
zenith angles for the same day (clear sky conditions) at both locations, as shown in
Figure 3.7. While the minimum solar zenith angle at Davos Laret is 37∘, the zenith in
Sodankylä is never less 57∘; and the maximum amount of incoming shortwave radiation
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differs by 200 W m−2. In addition to capturing climatic variability, locations of field sites
were selected to cover a range of tree species with varying canopy structures and canopy
densities. UAV measurements were made in Sodankylä during a targeted campaign in the
spring of 2019 (16/04/2019 - 10/05/2019). UAV and cable car measurements were made
in Switzerland throughout the 2017/18 winter season and on two specific measurement
days (16.01.2019 & 12.03.2019) during the 2018/19 winter season. Site characteristics of
all sub-alpine, alpine and boreal sites are summarized in Table 3.2.
(a) (b)
Figure 3.6: (a) Location of all field sites in Switzerland (green=Maienfeld, red=Laret, blue=Flin,
pink=Ofenpass). Background reflects elevation based on a swiss-wide Digital Elevation Model. (b)
Location of field sites in Sodankylä, FIN. Note that the two sites (pine, birch) were in close proximity,
hence their locations overlap. Background reflects PAI magnitudes as obtained from the MODIS-based
1° CLM5 input surface dataset.
Figure 3.7: Incoming SWR and zenith angles for a) Davos Laret and b) Sodankylä.
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Table 3.2: Summary of field sites locations and data collection periods for all sites in this study.
Location, tree species, periods of data collection, number of UAV flights and cable car runs (CC-runs)
performed at each site, as well as zenith and azimuth angle ranges are presented. Note that the same


















































3.2.1 Switzerland: Sub-alpine and alpine forests
Davos Laret - Spruce Forest
Figure 3.8: (a) Layout of the Davos Laret (CH) field site, where the red line indicates the cable car
transect, the blue cross shows the reference meteorological station and the yellow circle locates the
UAV start and landing area. (b) A 3-D LiDAR plot visualizing the forest stand surrounding the cable
car transect.
Davos Laret served as an intensive observation area throughout this study. It is located in
the very east of Switzerland, at a discontinuous forest area (46∘50’40”N, 9∘52’29”E, 1530
m.a.s.l) and was chosen due to suitability for UAV operations, e.g. Webster et al. (2018),
and its heterogeneous forest cover which includes larger forest openings. Detailed LiDAR
data (36 points/m2) were available for Davos Laret, which were acquired in September
2010 using a helicopter-mounted Riegl LMS Q560 sensor, e.g. Moeser et al. (2014, 2015).
A digital terrain model (DTM) and a digital surface model (DSM) were computed from
LiDAR data, providing a detailed canopy height model (CHM) which enabled calculation
of canopy descriptors. Canopy descriptors of interest for this study were canopy coverage
(CC), defined as the ratio of area covered by the vertical projection of the canopy relative
to ground area (Mazzotti et al., 2019), mean tree height (MTH) and maximum tree height
(MaTH). The CHM was binarized based on a 2-m threshold and circular areas of 10m
radii were used to compute CC, MTH and MaTH around each waypoint location.
The forest stand in Davos Laret predominately consists of Norwegian spruce (Picea abies),
with tree heights varying from 10-40m. During 2017/18, measurements were conducted in
Davos Laret on 22 days between 10 January and 15 June 2018. Meteorological conditions
ranged from clear sky to 8/8 cumulus cover, interception load from no interception to full
interception, and ground snow cover from full snow cover to no snow. During the 2018/19
winter, Davos Laret was revisited twice (16.01.2019 and 12.03.2019).
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Figure 3.8(a) visualizes the layout of the Davos Laret site, including the location of the
cable car transect, the location of an open site meteorological reference station, and the
UAV take-off and landing area. Figure 3.8(b) shows the forest stand surrounding the
48m long cable car transect at Davos Laret, which was installed along the West-East axis,
reaching from discontinuous to dense sections of the forest canopy. Figure 3.9a visualizes a
transect through a 3-D point cloud, enhanced with stems and branches following Webster
et al. (2020), along the UAV flight path. UAV flight paths went directly above the cable
car transect (Figure 3.9b), which shows a CHM of the flight area with waypoint locations
being indicated by red crosses. Details of the flight plan (9 WPs) are summarized in
Table 3.3, which gives location, flight height and the lidar-derived canopy descriptors CC,
MTH and MaTH for each waypoint location where the UAV hovered for 15seconds.
(a)
(b)
Figure 3.9: UAV-related field setup: (a) Transect through a 3-D LiDAR point cloud, which was
enhanced with branches and stems (following Webster et al., 2020). Waypoints of the flight plan for
Davos Laret are indicated by green crosses. (b) Canopy height map for Davos Laret with waypoint
locations indicated by red stars.
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Table 3.3: Davos Laret (CH): Flight plan details. Summary of location (long/lat/alt), flight height,
and lidar-derived canopy characteristics for each waypoint.
WP # Longitude Latitude Alt. [m.a.s.l] Flight ht. [m] CC10 MTH10 [m] MaTH10 [m]
1 9.875112 46.844414 1525.17 50 0.33 5.37 17.73
2 9.876219 46.844547 1527.11 50 0.89 20.41 34.91
3 9.876070 46.844547 1525.78 50 0.80 16.20 30.65
4 9.875922 46.844543 1525.33 50 0.39 9.55 21.47
5 9.875773 46.844543 1525.43 50 0.40 7.68 21.86
6 9.875624 46.844540 1525.27 50 0.12 6.86 20.25
7 9.875476 46.844540 1525.24 50 0.30 4.60 13.04
8 9.875318 46.844532 1525.09 50 0.03 2.18 3.97
9 9.874889 46.844349 1527.32 50 0.00 0.00 0.00
Flin - Larch Forest
The field site at Flin (46∘37’24”N 10∘00’36”E, 1655m.a.s.l) is located in the upper Engadin
Valley and consists of a discontinuous larch forest (Larix decidua), which transitions into
a mixed forest (larch/spruce) towards the west of the site. Flight plan details are given
in Table 3.4 and are visualized in Figure 3.10. High density airborne laser scanning data
(5-30 points/m2) were obtained in 2017 from an airplane-mounted Riegl Q-1560 at around
4000m.a.s.l. A CHM and canopy descriptors were generated from these LiDAR data. UAV
measurements in Flin were made on 14 and 15 February 2019 during clear sky conditions
and full ground snow cover. Six flights were performed during the second half of the
both days, capturing a solar zenith range between 59∘ at solar noon and 85∘ just before
sunset.
Figure 3.10: UAV WPs (purple stars) from Flin (CH) flight plan.
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Table 3.4: Flin (CH), larch site: Flight plan details. Location, flight height, canopy characteristics.
WP # Longitude Latitude Alt. [m.a.s.l] Flight ht. [m] CC10 MTH10 [m]
1 10.010210 46.622303 1657.8 60 0.09 14.37
2 10.010017 46.622574 1657.8 60 0.61 20.07
3 10.009658 46.622433 1657.8 60 0.71 18.51
4 10.009280 46.622295 1657.8 60 0.49 12.46
5 10.009230 46.622616 1657.8 60 0.93 14.87
6 10.009728 46.622753 1657.8 60 0.61 8.15
7 10.010252 46.622528 1657.8 60 0.35 17.99
8 10.011135 46.622406 1657.8 60 0.07 6.10
Maienfeld - Beech Forest
Maienfeld (47∘01’06”N 9∘32’02”E, 634m.a.s.l.) served as a representative site for a deciduous
forest, with the predominant species being beech (genus Fagus). Across Switzerland,
deciduous forests are located at lower elevations and the seasonal window of opportunity
to capture full ground snow cover is short. UAV measurements at the Maienfeld site
were made on 6 February 2019, during clear sky conditions. Snow cover was full at part
of the site and fractional elsewhere. The flight plan included ten WPs, with locations
and flight height shown in Table 3.5. No detailed airborne LiDAR data was available
for the Maienfeld site, so downlooking hemispherical images from UAV flights were used
to calculate a "ground view fraction" (VF𝐺𝑟𝑜𝑢𝑛𝑑) parameter to describe canopy density,
where a high ground view fraction means sparse forest environment. Section 4.1.2 expands
on this concept. Five flights were performed, capturing solar zenith angles between 63 and
85∘ and azimuth angles between 182 and 235∘.
Table 3.5: Maienfeld, beech site: Flight Plan details. Location, flight height, canopy characteristics
and ground view fraction.
WP # Longitude Latitude Alt. [m.a.s.l] Flight ht. [m] VF𝐺𝑟𝑜𝑢𝑛𝑑
1 9.533801 47.017403 628.5 35 0.37
2 9.533801 47.017399 628.5 50 0.47
3 9.533364 47.018040 628.5 50 0.58
4 9.533125 47.018116 628.5 50 0.65
5 9.532886 47.018208 628.5 50 0.72
6 9.532702 47.018280 628.5 50 0.69
7 9.532306 47.018436 628.5 50 0.63
8 9.532697 47.018074 628.5 50 0.73
9 9.533254 47.017780 628.5 50 0.53
10 9.533801 47.017658 628.5 50 0.48
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Ofenpass - Pine Forest
The Ofenpass site (46∘38’17”N 10∘17’44”E 2076m.a.s.l.) is located in the very east of
Switzerland and consists of an alpine pine forest environment (Pinus pinea and Pinus
cembra). UAV measurements were conducted on 27 February 2019, during clear sky
and full snow cover conditions. Five flights were performed in the second half of the
day, each flight consisting of ten WPs at a flight height of 40m (Table 3.6). Similar to
Maienfeld, no detailed LiDAR map was available for the Ofenpass site, hence VF𝐺𝑟𝑜𝑢𝑛𝑑
from down-looking hemispherical photographs is used to describe forest density.
Table 3.6: Ofenpass, pine site: Flight Plan details. Location, flight height and ground view fraction.
WP # Longitude Latitude Alt. [m.a.s.l] Flight ht. [m] VF𝐺𝑟𝑜𝑢𝑛𝑑
1 10.296439 46.638298 2072.9 40 0.33
2 10.296103 46.638508 2075.8 40 0.39
3 10.295723 46.638458 2075.9 40 0.59
4 10.295310 46.638397 2078.4 40 0.73
5 10.294989 46.638149 2077.1 40 0.62
6 10.294883 46.637917 2076.7 40 0.63
7 10.295179 46.637699 2073.9 40 0.62
8 10.295633 46.637676 2074.3 40 0.65
9 10.296101 46.637871 2074.1 40 0.57
10 10.296515 46.638065 2073.0 40 0.37
3.2.2 Sodankylä, Finland: Boreal Forests
Sodankylä is located within boreal forest in central Lapland (67∘22’ N, 26∘39’ E). A research
station, operated by the Finish Meteorological Insitute (FMI), served as base station
during a targeted field campaign in the spring of 2019 (18/04 - 10/05/2019) and provided
infrastructure and meteorological reference data. Terrestrial LiDAR data enabled CHM
generation and calculation of canopy descriptors (CC10, MTH10). The same methodology
as used for airborne LiDAR data (see Section 3.2.1) was applied, with CHM binarization
based on a 2-m threshold and circular areas of 10m radii around each waypoint location
for CC and MTH computations.
During the field campaign, ground snow cover conditions ranged from full snow cover to
almost complete melt out and meteorological conditions ranged from clear sky days to
8/8 cumulus. Two regular measurement sites were established at Sodankylä: one in a




The pine site consisted of a discontinuous forest stand. The programmed flight plan
(Figure 3.11 and Table 3.7) included thirteen WPs capturing a large range of canopy
densities (CC10 range: 0.02 - 0.84). MTH ranged from 3.3 to 7 meters. UAV measurements
were performed on 26 April (full snow cover), 4 May 2019 and 9 May 2019 (fractional
snow cover), which yielded an extensive LSA dataset.
Figure 3.11: UAV WPs from pine flight plan.
Table 3.7: Sodankylä, pine site: Flight plan details. Location, flight height and canopy characteristics.
WP # Longitude Latitude Alt. [m.a.s.l] Flight ht. [m] CC10 MTH10 [m]
1 26.636211 67.364700 203.0 35 0.29 4.40
2 26.635092 67.363831 203.0 35 0.30 3.37
3 26.635639 67.363945 203.0 35 0.44 3.47
4 26.636099 67.364044 203.0 35 0.37 3.82
5 26.637087 67.364204 203.0 35 0.84 5.94
6 26.636421 67.364326 203.0 35 0.72 5.53
7 26.636925 67.364525 203.0 35 0.54 4.88
8 26.637255 67.36467 203.0 35 0.52 6.22
9 26.637783 67.364838 203.0 35 0.67 5.16
10 26.637817 67.365036 203.0 35 0.41 7.00
11 26.636787 67.365028 203.0 35 0.50 6.04
12 26.636303 67.365227 203.0 35 0.02 -
13 26.636324 67.364693 203.0 35 0.30 4.68
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Birch Site
The birch site was located 500m to the west of the pine site, on the western side of the
river Kitinen. For the first part of the campaign (- 25 April 2019), the UAV take-off and
landing area was in the middle of the frozen river, which changed to an open clearing upon
seasonal river ice break up (Figure 3.12). Measurements were taken on 5 different days
(19 April, 29 April, 5 May, 10 May 2019), capturing ground conditions ranging from full
snow cover to almost complete melt out (Table 3.8).
Figure 3.12: UAV WPs from birch flight plan.
Table 3.8: Sodankylä, birch Site: Flight Plan 1 details. Location, flight height and canopy character-
istics.
WP # Longitude Latitude Alt. [m.a.s.l] Flight ht. [m] CC10 MTH10 [m]
1 26.622198 67.365486 206.0 35 0 0
2 26.621481 67.365372 206.0 35 0.70 7.34
3 26.620731 67.365334 206.0 35 0.77 7.42
4 26.619955 67.365280 206.0 35 0.53 4.80
5 26.619186 67.365219 206.0 35 0.60 4.33
6 26.618557 67.364815 206.0 35 - -
7 26.621050 67.364914 206.0 50 0.58 6.39
8 26.623432 67.365646 206.0 80 0 0
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Chapter 4
Impacts of shading and fractional snow
cover on the sub-canopy radiation
budget
The presence of trees has major effects on the snow cover energy budget, which is strongly
controlled by radiation (Link and Marks, 1999, Sicart et al., 2004, Ellis et al., 2011). In this
chapter, the focus lies upon the sub-canopy radiation budget, as RQ1a is addressed:
What are the driving factors that control the sub-canopy radiation budget in
a seasonally snow-covered forest environment?
Answering this research question requires spatially and temporally distributed measure-
ments of sub-canopy radiation in seasonally snow-covered forest stands. In lieu of fine-scale
satellite remote sensing products capable of capturing sub-canopy radiative regimes at
high spatial and temporal scales, in-situ radiation measurements are still indispensable
when aiming to improve process-scale understanding of radiative transfer through a canopy.
However, the use of a single stationary radiometer is not adequate to represent the hetero-
geneity of a forest stand (Link et al., 2004); previous studies have therefore used radiometer
arrays of various extents (Pomeroy et al., 2009, Seyednasrollah and Kumar, 2014, Webster
et al., 2016a), which are associated with high costs, and are not capable of capturing
outgoing radiation. Moving rail systems have been used as an alternative approach to
capture spatiotemporal radiation patterns below a forest stand over lengths ranging from
10 to 60 m to investigate the effects of foliage clumping (Law et al., 2001), seasonal
trends of diurnal energy balance in boreal aspen forests (Blanken et al., 2001) as well
as transpiration dynamics (Vrugt et al., 2002). Such a moving rail system has also been
deployed in a snow-dominated environment (Stähli et al., 2009, Webster et al., 2016b),
but the rail system only covered a relatively small distance (10 m) in a fairly dense forest.
However, moving rail systems have the potential to capture radiative transfer processes
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in snow- dominated, forested environments, providing high spatiotemporal sub-canopy
radiation data.
Here, a novel dataset of distributed sub-canopy radiation measurements in a discontinuous
evergreen needle-leaf forest stand in the Swiss Alps is presented (the "Davos Laret" site,
Section 3.2.1), collected by the cable car system introduced in Section 3.1.1. This moving
net radiometer was used to measure incoming and outgoing shortwave and longwave
radiation, alongside a camera to quantify the hemispherical view fractions of shaded snow,
sunlit snow, bare ground (all down-looking), as well as sky and canopy (up-looking).
Analysis focuses on both diurnal and seasonal radiation patterns below an evergreen forest
stand with four main objectives, which each quantify (1) the influence of shading on both
outgoing shortwave radiation as well as sub-canopy effective albedo, (2) the effect of solar
angle and forest structure on the sub-canopy radiation budget, (3) the effect of fractional
snow cover on outgoing longwave radiation, and (4) the relative importance of shortwave
and longwave radiation on the sub-canopy all-wave radiation budget.
This chapter has been published as "Shading by Trees and Fractional Snow Cover Control




Figure 4.1a and 4.1b show above canopy meteorological conditions from the open site
reference station and the 17 different days between January and May 2018 when transect
runs of radiation measurements were made using the cable car system. On two selected
clear-sky days (red arrows in Figure 4.1a), one at the start (18.4.2018) and one in the
middle (25.4.2018) of melt season, continuous radiation measurements were performed
throughout the entire day from before sunrise to after sunset. Both days had very similar
meteorological conditions (see Figure 4.1c-d), with the main difference being a reduction
in snow cover extent. Measurements collected during these two clear-sky days were used
to analyze diurnal radiation patterns of incoming, outgoing, and net shortwave as well as
longwave radiation, while the data from all campaigns are used to investigate seasonal
trends.
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Figure 4.1: Meteorological conditions at the reference open site in Davos (CH). Daily averages
from January until May 2018 are shown for (a) air temperature and relative humidity as well as for
(b) incoming shortwave (SWR) and longwave radiation (LWR). Arrows at the bottom indicate days
when cable car measurements were performed. Larger red arrows indicate the two days of continuous
radiation measurements (18.4.2018, 25.4.2018) for which the meteorological conditions are visualized
in (c) and (d).
4.1.2 Calculation of Hemispherical View-Fractions
Ground View Fractions
Ground surface conditions were obtained by analyzing down-looking hemispherical pho-
tographs. The down-looking Sony NEX6 camera (Figure 3.1) was set to trigger every 5
seconds (Sony Time-lapse App, V3.40), resulting in 110-120 images along each 48 m transit.
Of those images, 42 were selected that were best collocated with the respective spatial
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aggregation units of the radiation measurement. Each selected down-looking hemispherical
photograph was analyzed to obtain the following hemispherical view fractions: ground
view fraction (VF𝐺𝑟𝑜𝑢𝑛𝑑), sunlit-snow view fraction (VF𝑆𝑢𝑛) and shaded-snow view fraction
(VF𝑆ℎ𝑎𝑑𝑒). VF𝐺𝑟𝑜𝑢𝑛𝑑 refers to all snow-free surfaces, including both bare ground and canopy
elements, whereas VF𝑆𝑢𝑛 and VF𝑆ℎ𝑎𝑑𝑒 separate snow-covered surfaces into sun-lit and
shaded areas. To arrive at the different view fractions, a two stage manual thresholding
was used: 1) pixels were classified into either snow (white) or ground/stems (black) to
determine VF𝐺𝑟𝑜𝑢𝑛𝑑, 2) pixels classified as snow in stage 1 were further separated into
sunlit-snow (white pixel) from shaded snow (black pixel) to determine VF𝑆𝑢𝑛. VF𝑆ℎ𝑎𝑑𝑒
was then calculated as a residual using:
𝑉 𝐹𝑆ℎ𝑎𝑑𝑒 = 1− 𝑉 𝐹𝐺𝑟𝑜𝑢𝑛𝑑 − 𝑉 𝐹𝑆𝑢𝑛 (4.1)
Solar radiation of shaded areas predominantly consists of the diffuse component, further
enhancing the presence of blue light, whereas bare ground and canopy elements mostly
consist of red and green light. While all three RGB bands were used to select a threshold
to distinguish between sun-lit and shaded snow pixels, only the blue band was used
when categorizing each pixel into snow or ground. By only using the blue band, contrast
between snow and bare ground/stems is improved, and cast shadows of surrounding trees
are ignored (Wolter et al., 2012, Webster and Jonas, 2018). This approach has been
suggested by previous studies for separation of canopy and sky pixels in traditional up-
looking hemispherical photographs (Leblanc et al., 2005, Nobis and Hunziker, 2005, Zhang
et al., 2005, Reid and Essery, 2013). Once the threshold was selected, each hemispherical
image was discretized into 10 concentric analysis rings, and the ratio between black and
white pixels within each analysis ring was calculated and further weighted by the sine of
the elevation angle to determine VF𝐺𝑟𝑜𝑢𝑛𝑑, VF𝑆𝑢𝑛 and VF𝑆ℎ𝑎𝑑𝑒, following the approach
applied by Essery, Bunting, Rowlands, Rutter, Hardy, Melloh, Link, Marks and Pomeroy
(2008) on upward-looking hemispherical images. When the snow cover fraction is 100%,
VF𝐺𝑟𝑜𝑢𝑛𝑑 reflects the fraction of trunks in the 180∘ view field of a hemispherical photograph,
which gives the baseline reference for snow cover extent calculations. VF𝐺𝑟𝑜𝑢𝑛𝑑 was only
calculated once per day to account for melt-out of snow, while VF𝑆𝑢𝑛 and VF𝑆ℎ𝑎𝑑𝑒 had
to be determined for each transit due to the changing solar angles. Figure 4.2 shows an
example down-looking hemispherical photograph as well as the resulting categorized image
indicating the extents of VF𝐺𝑟𝑜𝑢𝑛𝑑, VF𝑆𝑢𝑛 and VF𝑆ℎ𝑎𝑑𝑒.
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Figure 4.2: (a) Exemplary down-looking hemispherical photograph used to investigate ground
conditions. (b) Analysed image, distinguishing between bare ground/stems (green), sunlit snow
(orange) and shaded snow (blue).
Sky View Fractions
For each of the field sites, the Sony Alpha NEX6 camera was attached at the top of the
cable car system in order to obtain Sky View Fraction (VF𝑆𝑘𝑦) to quantify forest density
along the observed transect. This was either done during an overcast day with uniform
light conditions, or before/after sunset. The images were analyzed using the same methods
as for VF𝐺𝑟𝑜𝑢𝑛𝑑, VF𝑆𝑢𝑛 and VF𝑆ℎ𝑎𝑑𝑒. As an example, Figure 4.3 shows the resulting VF𝑆𝑘𝑦
along the transect for the Davos Laret field site, which was constant throughout the winter
season. VF𝑆𝑘𝑦 ranged from 0.10 at the dense, east end of the transect to 0.46 at the west
end where the forest cover was discontinuous. Figure 4.3 further indicates how VF𝐺𝑟𝑜𝑢𝑛𝑑
ranged from 0.01 to 0.32 during full snow cover conditions on 18 April – indicating the
baseline trunk view fraction along the transect – and how it was increased to ranging from
0.16 to 0.93 on 25 April due to partial melt-out.
Figure 4.3: Cross sectional view of the cable car transect indicating Sky View Fraction (VF𝑆𝑘𝑦) and





Figure 4.4 contrasts the diurnal patterns of 18 April and 25 April 2018 of shortwave
radiation fluxes and sunlit-snow view fraction. Meteorological conditions were almost
identical between the two days (see Figure 4.1c-d), forest structure was constant and the
solar declination angle was only changing minimally, therefore the incoming SWR patterns
between 18 and 25 April were nearly the same (see Figure 4.4a-b). High spatial and
temporal data resolution allowed detailed measurement of small changes in meteorological
conditions (e.g. cirrus cloud moving through in the afternoon of 25 April) as well as
interactions between forest structure and the changing daytime solar position. For instance,
sections with high/low insolation moved over the day to the East, as the sun moved to the
West, leading to diagonal patterns visible in all panels of Figure 4.4.
Outgoing sub-canopy SWR (Figure 4.4c-d) was influenced by patterns of incoming SWR,
but fine-scale imprints of the forest structure were not present in the data due to a higher
fraction of diffuse radiation in reflected SWR. The maximum outgoing SWR on 18 April
was 403 W m−2, which was lower by 24 % at 305 W m−2 on 25 April. Differences in
outgoing SWR between the two observed days were coincident with both an increase in
VF𝐺𝑟𝑜𝑢𝑛𝑑 (smaller fractional snow cover, shallower snow pack, more trunks visible) and a
decrease in the albedo of the remaining snow surface (snow age, litter). Some differences
were notable at the eastern end of the transect, where most of the melt out had happened.
Patterns of VF𝑆𝑢𝑛 (Figure 4.4e-f) resembled the outgoing SWR patterns for both days,
with high sunlit-snow-view fractions occurring at locations with high outgoing SWR, while
locations where outgoing SWR was low were mostly shaded. Similarities between diurnal
patterns of outgoing SWR and VF𝑆𝑢𝑛 demonstrated the strong control shading had on
sub-canopy radiation. This is further illustrated by Figure 4.5, which contrasts outgoing
SWR and VF𝑆𝑢𝑛 for all data points collected during full snow cover conditions (18 April
2018), further implying a strong positive relationship (correlation coefficient R=0.94)
between outgoing SWR and VF𝑆𝑢𝑛. Figure 4.5 also shows how during low zenith angles,
which occurred around local solar noon, a large variability was observed in both outgoing
SWR and VF𝑆𝑢𝑛. During low zenith angles, the western part of the transect where canopy
closure was sparse showed high values in VF𝑆𝑢𝑛, while the east part was too dense for sun
rays to penetrate through the canopy and therefore corresponded to low VF𝑆𝑢𝑛. During
high zenith angles, shadows were predominant throughout the entire transect, resulting
in a smaller range in both outgoing SWR as well as VF𝑆𝑢𝑛. Effective albedo patterns
are shown in Figure 4.4g-h. Measured effective albedo > 1 occurred predominantly at
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transitions from continuous (VF𝑆𝑘𝑦 < 0.2) to discontinuous forest, where trees sheltered
the up-looking pyranometer from incoming SWR while the snow surface below was still
sun-lit. At these locations, effective albedo values of up to 2 were measured on 18 April
and up to 1.5 on 25 April. Contrasting effective albedo values of 18 and 25 April further
shows the substantially lower effective albedo on 25 April at the eastern end of the transect
where most of the snow had already melted.
Figure 4.4: Shortwave radiation patterns for 18 April (full snow cover) and 25 April 2018 (partial snow
cover). (a-b) visualize incoming SWR, (c-d) outgoing SWR, (e-f) VF𝑆𝑢𝑛 and (g-h) effective albedo
for the respective days. The colour bars below show VF𝐺𝑟𝑜𝑢𝑛𝑑 (white = 0, black = 1) and VF𝑆𝑘𝑦
(white = 1, dark green = 0) along the transect for each day. VF𝐺𝑟𝑜𝑢𝑛𝑑 and VF𝑆𝑘𝑦 are quantified in
Figure 4.3.
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Figure 4.5: Sunlit-snow view fraction vs. outgoing shortwave radiation during a sunny day with full
snow cover conditions (18 April 2018). Each data point represents a single measurement along the
transits on 18 April 2018.
Longwave radiation
Figure 4.6 illustrates longwave radiation along the transect for 18 April and 25 April,
respectively. In contrast to SWR-related data shown in Figure 4.4, spatiotemporal patterns
of LWR include vertical as well as diagonal features, the former being related to stationary
effects such as LWR irradiance from snow-free ground or canopy elements, the latter
reflecting temporary heating from absorption of direct SWR. On both days sub-canopy
incoming LWR was particularly high at locations with low VF𝑆𝑘𝑦 (Figure 4.6a-b). Increases
in below canopy incoming longwave radiation were especially pronounced in the afternoons,
once diurnal increases in above canopy shortwave radiation had heated the forest canopy,
which due to internal heat storage of the canopy, remained effective until after sunset.
On 25 April, emittance of LWR from the canopy was especially enhanced due to warmer
mid-day air temperatures (see Figure 4.1c and d), leading to incoming longwave radiation
of up to 403 W m−2. On 18 April, when sub-canopy snow cover remained continuous,
daytime outgoing LWR throughout the day was constantly between 320 and 338 W m−2.
Because snow temperature never exceeds 0∘C, which corresponds to a maximum LWR
emittance of 309 W m−2, the surface temperatures of both litter on the snow surface as
well as of trunks and other canopy elements in the view field of the sensor were able to
increase outgoing LWR by up to 30 W m−2. However, on 25 April, a further increase in
outgoing LWR was evident. While 25 April was warmer than 18 April, the difference in
VF𝐺𝑟𝑜𝑢𝑛𝑑 (Figure 4.3) substantially altered outgoing longwave radiation, particularly to
the East of the transect. Similar to incoming LWR, outgoing LWR above snow-free areas
was especially pronounced in the afternoon after several hours of high solar insolation of
the ground.
48
Figure 4.6: Longwave radiation patterns for 18 April (full snow cover) and 25 April 2018 (partial
snow cover). (a) and (b) visualize incoming LWR, (c) and (d) outgoing LWR and (e) and (f) net LWR
flux (LWR𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 – LWR𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔) for the respective days. The colour bars below show VF𝐺𝑟𝑜𝑢𝑛𝑑
(white = 0, black =1) and VF𝑆𝑘𝑦 (white = 1, dark green =0) along the transect for each day. Note
that VF𝐺𝑟𝑜𝑢𝑛𝑑 and VF𝑆𝑘𝑦 are quantified in Figure 4.3
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The difference between incoming and outgoing LWR resulted in a surface net longwave
radiation as visualized in Figure 4.6e-f. On 18 April, the net LWR ranged from net
negative downward fluxes of up to 25 W m−2 at the more discontinuous western part
of the transect, and to a net positive downward flux of up to 50 W m−2 at the denser
eastern part of the transect. Locations of the highest downward flux on 18 April and
the associated increase in energy available for snow melt aligned well with those areas
where snow disappeared between 18 and 25 April (see Figure 4.3). As the melt season
progressed, increased upwelling LWR over snow-free areas resulted in an attenuation of
the net positive downward flux, which occasionally even led to net negative downward
fluxes (Figure 4.6f).
Net all-wave radiation
Combining the four components of the radiation budget resulted in net all-wave radiation,
which is visualized in Figure 4.7a-b for 18 and 25 April 2018 respectively. At first sight it
appeared shortwave radiation dominated the all-wave radiation, but this was only the case
when the position of the sun, and the overlying canopy structure allowed direct insolation
of the ground surface. In forests, direct insolation of the ground may be restricted to
relatively short periods during clear sky days, while positive net longwave radiation may
occur over extended periods and across all 24 hours of a day. In the absence of direct
insolation, net LWR patterns dominate the net all-wave radiation. Negative net all-wave
radiation occurred for 5% of all data points on 18 April and only for 1% of data points
on 25 April. These data points tend to also have effective albedo values above 1, further
emphasizing the importance of accurately representing sub-canopy effective albedo.
Figure 4.7: Net radiation for (a) 18 April and (b) 25 April 2018. The colour bars below show VF𝐺𝑟𝑜𝑢𝑛𝑑
(white = 0, black =1) and VF𝑆𝑘𝑦 (white = 1, dark green =0) along the transect for each day, as
quantified in Figure 4.3.
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4.2.2 Seasonal analysis of shortwave radiation
Extending the analysis to all measurements performed between January and May 2018
(Figure 4.1) allowed investigation of seasonal effects on the relationship between incoming
and outgoing SWR. For the purpose of this seasonal analysis, measurements of each cable
car transit were spatially averaged. Snow conditions for each measurement day were
further classified into either full, partial, or no snow cover. As seen in Figure 4.8, reflected
and incoming SWR were constrained by the zenith angle of the sun’s position,while the
effective albedo decreased with snow cover fraction. Further variation in effective albedo
can be explained by snow age, litter, and the fractions of sunlit and shaded snow. Given
the spatial averaging of the data presented, effective albedo values above 1 were not
recorded. Note that in this analysis, only data acquired during clear sky/partially cloudy
conditions (sky emissivity < 0.8) were included. During cloudy conditions, SWR is mostly
diffuse and ground shading patterns are less distinct, leading to smaller variations in both
incoming and outgoing SWR due to a changing solar angle.
Figure 4.8: Seasonal analysis of reflected vs. incoming SWR. Each data point represents an averaged
transect run, colours assign zenith angle and symbol indicates full snow/partial snow cover or no snow
conditions. The dashed line is the 1:1 line, indicating an effective albedo of 1.
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4.3 Discussion
In-situ measurements of wintertime sub-canopy radiation in an evergreen needle-leaf
forest showed high spatiotemporal heterogeneity. Data presented build upon previous
studies (Link and Marks, 1999, Sicart et al., 2004, Webster et al., 2016b) which monitored
spatiotemporal variability of sub-canopy irradiance to illustrate the strong control solar
angle and vegetation structure have on the radiation budget of a forested environment,
which further governs melt patterns (Sicart et al., 2004, Ellis et al., 2010). However,
the novelty of this dataset is the additional spatiotemporal quantification of the view
fractions of shaded and sunlit snow, as well as snow cover extent. These were shown to
exert strong influence on the outgoing radiation components below a forest stand. The
importance of canopy shading for radiative processes in snow-dominated environments
has been highlighted by previous studies, as Betts and Ball (1997) observed a lowering
of snow albedo due to the effect of canopy shading in boreal forests and Webster and
Jonas (2018) showed shading to be of significant importance for effective albedo above a
needle leaf evergreen forest. Data presented in this study however, combined sub-canopy
shaded/sunlit snow view fractions and radiation measurements, allowing the importance of
shading to be quantified on a previously unavailable, spatially and temporally distributed
scale.
Solar angle and forest structure controlled the relative position of the sun to the trees and
hence the resulting size and shape of canopy shadows on the snow surface (smallest at
local solar noon, largest during high zenith angles), which further govern diurnal patterns
of shaded/sunlit snow view fractions. The similarity in diurnal patterns and the resulting
strong linear relationship between outgoing shortwave radiation and sun-lit-snow view
fraction underlines the importance of shading, further demonstrating that it is a key
control of the sub-canopy radiation budget.
Energy fluxes have a high seasonal variability which were also represented by highly
variable effective albedos during different land surface conditions: no-snow, partial snow,
and full snow cover extent. The concept of effective albedo, which applies to complex
surfaces where the ratio between up-welling and down-welling radiation is not only a
function of the albedo of individual surface elements, has been used in studies investigating
its dynamics over rough snow and ice surfaces (Pirazzini, 2004, Lhermitte et al., 2014),
over mountainous terrain (Weihs et al., 2001) as well as in urban settings (Sailor and Fan,
2002). Surface reflectance properties are hence combined with multiple reflections and local
shading phenomena. Measured effective albedo was shown to decrease through the winter
season. While this study only investigated the effect of partial snow cover, littering from
canopy debris (Winkler et al., 2010) as well as snow ageing due to increased surface grain
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size (Wiscombe and Warren, 1980) and thinning of the snow cover (allowing absorbance
by ground) further affected seasonal albedo development. The highest effective albedo
values were measured mid-winter, when solar irradiance was generally low. Under these
conditions, the effect of albedo on climatic processes tends to be smaller than during spring-
time when high insolation increases its importance (Kuusinen et al., 2012). Consequently,
accurately quantifying partial snow cover when aiming to calculate sub-canopy outgoing
shortwave radiation and the resulting effective albedo, is of major importance for land
surface modelling.
In addition to affecting shortwave fluxes, the presence of canopies also altered longwave
radiation fluxes. Forest structure determined the relative importance of longwave radiation,
as proximity to denser forest surroundings coincided with stronger longwave radiation
enhancement, which is in line with findings of previous studies (Pomeroy et al., 2009, Klos
and Link, 2018). Sicart et al. (2004) demonstrated that during low solar irradiance, in
combination with full snow cover (high effective albedo) and low atmospheric emissivity,
canopy induced attenuation of shortwave radiation is offset by longwave enhancement,
further increasing net all-wave radiation and impacting snow melt patterns. Results
obtained from the cable car system affirm this result. During full snow cover conditions,
measured net positive downward LWR fluxes during springtime were of similar magnitude
(50-60 W m−2) to previous studies (Webster et al., 2016b, Musselman and Pomeroy, 2017).
Magnitudes of peak sub-canopy incoming longwave radiation further increased throughout
the melt period due to amplified air and canopy temperatures, which supports results
by Webster et al. (2016b). The cable car system further allowed quantification of snow
cover extent over a spatially distributed area and related it to outgoing longwave radiation.
During partial snow cover conditions, outgoing longwave radiation was dependent on snow
cover extent, as areas of bare ground increased the outgoing longwave radiation by up to
60 W m−2, increasing the potential for negative net longwave radiation. The relationship
between solar angle and timing of heat storage and release by both the canopy and bare
ground during fractional snow cover conditions is an important aspect that should be
considered when modelling sub-canopy longwave radiation (Pomeroy et al., 2009, Webster
et al., 2016b).
Furthermore, explicitly solving for shaded surfaces below a forest canopy as well as
separating between direct and diffuse radiation can considerably upgrade land surface
modelling. Musselman et al. (2015) found that by conceptualizing canopy gaps as circular
cylinders and explicitly resolving shading in a ray tracing model environment, the spatially
heterogeneous diurnal radiation of a forest gap could be simulated more reliably. The
potential for inclusion of shading in large scale modelling is increasing, as recent land
surface model developments have started to incorporate the 3-D canopy structures (Yuan
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et al., 2014) as well modifying the commonly used two-stream approximation to account
for horizontally heterogeneous canopy structures (Yuan et al., 2017). Accounting for the
effects of shading and fractional snow cover on the sub-canopy radiation budget should be
a priority for further land-surface model enhancement across forested environments.
4.4 Chapter summary
A custom-made cable car system enabled high-resolution up-looking and down-looking
shortwave and longwave radiation measurements with simultaneous hemispherical pho-
tographs of the ground conditions. This allowed quantification of the influence of shading
and fractional snow cover on the sub-canopy radiation budget. Spatiotemporal analysis of
data collected during a clear-sky day revealed a strong linear relationship between outgoing
shortwave radiation and sunlit snow-view fraction (R = 0.94), highlighting shading as
a key control of the sub-canopy shortwave radiation budget. Fractional snow cover was
shown to be of particular importance for outgoing longwave radiation, with locations of
diminished snow cover showing an increase in outgoing longwave radiation of up to 60
W m−2. Net all-wave radiation was dominated by shortwave radiation whenever direct
insolation of the forest floor occurred; however, at times and locations where canopy
structure inhibited direct insolation (which is the case during most of the day), longwave
radiation was controlling the sub-canopy radiation budget.
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Chapter 5
Land surface albedo in seasonally
snow-covered forest stands
Building on results from Chapter 4, in this chapter the perspective is changed from below
to above canopy radiation, as part two of research question 1 (RQ1b) is addressed:
What processes control land surface albedo (LSA) in seasonally snow-covered
forested environments?
Answering this research question requires spatially and temporally distributed LSA obser-
vations over snow-covered forest stands. One method to obtain such data are tower-based
weather station measurements at individual points above forest canopies (e.g. Kuusinen
et al., 2012, Bartlett and Verseghy, 2015), resulting in high temporal but low spatial
resolution. Another method to acquire such information is to use remotely-sensed satellite
data. However, at the resolution of commonly-used satellite data (e.g. MODIS MOD10A1
500m grid), forest heterogeneities such as canopy gaps and edges are not resolved. While
higher resolution satellite albedo retrievals are becoming more widely available (e.g. 30m
LANDSAT or sub-meter scale Worldview4 by Digital Globe), the spatial and temporal
resolution is still not high enough for such data to be used as a benchmark to investigate
forest-induced variability of wintertime LSA. A possible solution towards mitigating this
data gap are airborne platforms (e.g. Lundquist et al. (2018)) which, when compared
to stationary tower measurements, allow for variable measurement heights and the flexi-
bility to obtain data at many locations above a forest canopy. The resulting increased
measurement resolution enables impacts of spatially and temporally varying factors to be
investigated (e.g. the effect of canopy structure on LSA).
This study uses a uncrewed aerial vehicle (UAV) system, which was previously introduced in
Section 3.1.2. UAV measurements of LSA coupled to coincident down-looking hemispherical
images over snow-covered forests are used to investigate the effects of (a) tree species, (b)
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intercepted snow, (c) solar angle, (d) meteorological boundary conditions and (e) fractional
snow cover on wintertime LSA. Extensive air-borne broadband LSA measurements were
taken over a large range of canopy structures in two climatically different locations
(Switzerland and Finland), across wide ranges of solar zenith and azimuth angles. Field
sites used for this study are described in detail in Section 3.2.
Parts of this chapter are under review as "Effect of forest canopy structure on wintertime
Land Surface Albedo: Evaluating CLM5 simulations with in-situ measurements" in Journal
of Geophysical Research: Atmospheres.
5.1 Methods
5.1.1 Calculation of hemispherical view fractions
In a similar manner to hemispherical images taken with the cable car setup (Section 4.1.2),
the UAV-borne 180∘ down-looking hemispherical images had to be binarized, discretized
and analysed. Similar techniques as introduced in Section 4.1.2 were used for this purpose:
First, the land cover descriptors canopy-view fraction (VF𝐶𝑎𝑛𝑜𝑝𝑦) and snow-view fraction
(VF𝑆𝑛𝑜𝑤) were obtained from the ratio between black and white pixels within each analysis
ring, which were further weighted by the sine of the elevation angle. VF𝑆𝑛𝑜𝑤 was then split
into sunlit snow-view fraction (VF𝑆𝑢𝑛) and shaded snow-view fraction (VF𝑆ℎ𝑎𝑑𝑒) based
on a secondary binarization and analysis. Figure 5.1 shows an example down-looking
hemispherical photograph as well as the resulting categorized image, demonstrating the
spatial extents of the corresponding view-fractions.
Figure 5.1: Example of a down-looking hemispherical photograph, taken on 14 March 2018, 14:02
UTC+1, at waypoint 9 (see Table 3.3) in Davos Laret, Switzerland, and the resulting analyzed
hemispherical image with respective view-fractions colored in.
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5.1.2 Classification of interception loads
In addition to providing means to quantify shading extents, the down-looking hemispheri-
cal images were used to classify measurements into full interception, partial interception
and no interception conditions. Due to practical constraints and a limited number of
interception events, this classification was done manually. Figure 5.2 gives an example
of the same waypoint with an interception state of (a) full snow (b) partial snow and (c)
no snow. All interception events were captured at the Davos Laret site in Switzerland.
Full interception load measurements were obtained on 3 measurement days (20.01.2018,
22.03.2018, 12.03.2019), resulting in a total of 84 waypoint measurements of LSA. 5 mea-
surement days (09.02.2018, 13.02.2018, 23.02.2018, 08.03.2018, 16.01.2019) with 99 UAV
waypoint measurements were classified as partial interception conditions. An additional
5 measurement days (29.01.2018, 14.03.2018, 06.04.2018, 16.04.2018, 18.04.2018), with a
total of 133 UAV measurement points of LSA were made during no snow in the forest
canopy conditions.
(a) Full snow (b) Partial snow (c) No snow
Figure 5.2: Example of full snow, partial snow and no snow interception conditions at the same
waypoint in Davos Laret.
5.1.3 Calculation of effective emissivity of the sky
Effective emissivity of the sky (𝜖𝑆𝑘𝑦) is a measure of meteorological conditions and was
used in this study to distinguish various stages of overcast from clear-sky conditions. Given
measured atmospheric longwave radiation (𝐿𝑊𝑅𝑎𝑡𝑚) and near-surface air temperature






For each field site and measurement campaign, 𝐿𝑊𝑅𝑎𝑡𝑚 and 𝑇𝑎𝑖𝑟 were acquired by an
Automatic Weather Station (AWS) in the vicinity of the field site (see Section 3.1.3).
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During overcast conditions, only small contrasts between the brightness temperature of
the sky and 𝑇𝑎𝑖𝑟 exist, hence leading to 𝜖𝑆𝑘𝑦 close to 1 or even exceeding 1. For clear-sky
conditions, the temperature difference is more distinct, as high incoming solar radiation
increases 𝑇𝑎𝑖𝑟 while simultaneously decreasing 𝐿𝑊𝑅𝑎𝑡𝑚, resulting in 𝜖𝑆𝑘𝑦 values as low as
0.6.
5.2 Results
Results in the following sections are based on 1553 UAV measurement points, taken on
30 different measurement days, spread throughout two winter seasons, in two different
climate zones, at 6 distinct field sites. This extensive dataset is used to investigate the
impact of tree species, intercepted snow, solar angle, meteorological boundary conditions
and fractional snow cover on LSA.
5.2.1 Tree species
LSA was extensively measured in alpine, sub-alpine and boreal forest biomes. Among
these measurements, six different tree species were captured, three of which were classified
as deciduous and three as needle-leaf evergreen trees. The captured deciduous tree species
consisted of birch (genus Betula), larch (genus Larix ) and beech (genus Fagus). Needle-leaf
evergreen tree species captured by this study included spruce (genus Picea), Scots pine
(genus Pinus sylvestris) and Swiss/stone pine (genus Pinus pinea/Pinus cembra). The
locations and characteristics of these sites are further described in Section 3.2.
For each tree species, all LSA measurements taken under clear sky (𝜖𝑆𝑘𝑦 < 0.85), full snow
cover, no interception conditions are combined. While each site had specific characteristics,
Figure 5.3 gives indications about the overall patterns of clear sky LSA with respect to tree
species. The spread in LSA within the same tree species is due to differences in canopy
structure, solar angle and snow albedo itself. Differences within needle-leaf evergreen
trees (pine, spruce) and within deciduous trees (birch, larch, beech) remain small and the
respective interquartile ranges overlap, suggesting non statistically significant differences
in LSA between the individual species. However, results show a clear distinction between
deciduous and needle-leaf tree species, as deciduous forests have a higher median LSA
(0.28-0.30) compared to needle-leaf forests (0.12-0.21), further underlining differences in
the snow-masking effect of the respective tree species. Figure 5.4 further visualizes these
differences, as a clear separation between the LSA distribution peak of deciduous and of
the needle-leaf evergreen trees is evident. Furthermore, the medians lie outside of the
other box entirely, and the interquartile ranges are not overlapping.
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Figure 5.3: Raincloud plots (Allen et al., 2019) showing distribution, box plot and data points of
LSA measurements for various tree species. Only data collected on clear sky days (𝜖𝑆𝑘𝑦 < 0.85) with
no interception in the forest canopies are included. Bottom and top of each box indicate 25% and 75%
percentiles, central line represents the median and whiskers indicate 1.5 times the interquartile range.
59
Figure 5.4: Raincloud plot (Allen et al., 2019) showing distribution, box plot and data points of LSA
measurements for deciduous and needle-leaf evergreen trees. Only data collected on clear sky days
(𝜖𝑆𝑘𝑦 < 0.85) with no interception in the forest canopies are included. Bottom and top of each box
indicate 25% and 75% percentiles, central line represents the median and whiskers indicate 1.5 times
the interquartile range.
5.2.2 Interception
Intercepted snow in the canopy decreases the snow-masking effect of forests, leading to
increased LSA values of forested environments following snowfall events (Stähli et al.,
2009). Intercepted snow conditions were captured at the Davos Laret field site with the
predominant species being Norway spruce. Figure 5.5(a) contrasts LSA and VF𝑆𝑛𝑜𝑤 (the
fraction of snow visible from the view-point of the down-looking radiation sensor, used as
a measure of forest sparsity here), for flights performed under under "No interception",
"Partial interception" and "Full interception" conditions. Each data-point represents
data from UAV measurements at one unique WP. Note that in this analysis, VF𝑆𝑛𝑜𝑤
does not take intercepted snow into account, which explains the vertical alignment of
measurement points for the respective waypoints. The maximum measured difference in
LSA between "No interception" and "Full interception" was 0.32. Higher VF𝑆𝑛𝑜𝑤 showed
a larger overall spread in LSA, while lower VF𝑆𝑛𝑜𝑤 showed a larger difference between no
interception, partial interception and full interception conditions. Figure 5.5(b) visualizes
the differences in median LSA between full interception (0.22), partial interception (0.16)
and no interception (0.12). From Figure 5.6 it becomes evident that although medians
between no interception and full interception conditions differed substantially, there is
much distribution overlap. This occurs due to the large spread in full-interception LSA
measurements, which can be partially attributed to the integration across the spatial
dimension, e.g. across all waypoints. A Wilcoxon–Mann–Whitney rank test (Wilks, 2006),
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Figure 5.5: Effects of partial and full interception on LSA above a spruce forest stand in Switzerland.
(a) LSA vs. VF𝑆𝑛𝑜𝑤 for full interception, some interception and no interception conditions. (b)
visualization of summary statistics for measured LSA under the three interception stages: bottom and
top of each box indicate 25% and 75% percentiles, central line represents the median and whiskers
indicate 1.5 times the interquartile range.
which is a nonparametric test with no assumptions about the underlying distribution of
the data, was applied to determine whether differences in LSA under varying interception
conditions were significant. Results indicate that differences between intercepted and no
intercepted conditions were significant (p < 0.0002), further underlining that intercepted
snow on the forest canopy is a driver of LSA, and needs to be accounted for in land surface
models across scales.
Figure 5.6: Raincloud plot (Allen et al., 2019) contrasting distribution, box plot and data points for
LSA measurements taken during full and no interception conditions.
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5.2.3 Solar Angle and Shading
Figure 5.7: UAV measurements of LSA compared with VF𝑆𝑢𝑛 for a) needleleaf, and b) deciduous
forest environments. Data were collected during clear sky days. All correlations were statistically
significant with p-values < 0.0002.
In forested environments, solar angle influences LSA by changing the extent of the canopy
structural shading of the snow surface. In this part of the study, the UAV-borne LSA
measurements allowed a diurnal analysis of LSA in relation to solar position and canopy
structure at needle-leaf and broad-leaf forests. Figure 5.7 shows all LSA measurements
taken during clear sky (𝜖𝑆𝑘𝑦 < 0.85), full snow cover, and no interception conditions. Each
data point represents a measurement captured at a WP, unique in terms of its LSA and
locally-measured VF𝑆𝑢𝑛, the sun-lit snow view fraction. Thus, the dataset presented in
Figure 5.7 again integrates across the spatial (different WPs within each site) and temporal
(repeated measurements throughout the day) dimension. Strong positive relationships
between LSA and VF𝑆𝑢𝑛 were found at all sites, all of which were statistically significant.
Relationships were stronger for needle-leaf sites (R2 = 0.79− 0.94) compared to deciduous
sites (R2 = 0.59− 0.88). A linear regression model was fitted to data points from each
field site, indicating y-intercepts between 0.07 and 0.18 and gradients between 0.38 and
0.72 for sites with deciduous environments and gradients between 0.38 and 0.61 for sites
in needle-leaf forest environments. The strong positive relationships suggest that canopy
structural shading of the snow surface is exerting a primary control on LSA on clear
sky days. Note again that each site encompassed several WPs, hence, in this evaluation,
variation in VF𝑆𝑢𝑛 is a function of the zenith and azimuth angle of the solar position as
well as the local VF𝑆𝑛𝑜𝑤, which is explaining some of the spread.
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Effect of solar zenith angle
To disentangle the effects of zenith angle and VF𝑆𝑛𝑜𝑤 on LSA, data from a series of flights
at the spruce site in Davos Laret over the course of one day is shown (Figure 5.8). At
waypoints where the forest canopy is sparse (VF𝑆𝑛𝑜𝑤 > 0.3), LSA decreases by up to 11%
as zenith angle increases. This occurs due to the fact that an increasing solar zenith angle
corresponds to an increased canopy shaded area of the snow surface, as long as the canopy
is sparse enough to permit direct insolation of the forest floor.
Most of the decline in LSA happens at low to medium zenith angles (35 – 55∘), while there
is only a slight further decrease towards very large zenith angles (>75∘) following sunrise
and preceding sunset. In contrast, at waypoints with denser canopy (𝑉 𝐹𝑆𝑛𝑜𝑤 < 0.25),
LSA was seen to increase by a few percent as zenith angle increases. In denser forest
the proportion of sunlit snow is low at all times, and sun flecks become rare even in the
middle of the day. As the solar zenith angle increases, the proportion of diffuse radiation
in incoming solar radiation also increases. Hence, below a certain 𝑉 𝐹𝑆𝑛𝑜𝑤, this increase in
diffuse radiation and the corresponding increase in multiple scattering leads to higher LSA
around sunrise and sunset.
Figure 5.8: Measurements of LSA at different zenith angles and snow view fractions for a single
clear sky day (18.4.18) at the spruce site in Davos Laret, Switzerland.
Effect of solar azimuth angle
In addition to zenith angle, the azimuth can also be important for LSA, as it controls
the orientation of shadows on the snow surface. As an illustrative example data from
the boreal pine site in Sodankylä is presented (Figure 5.9). The location of trees and
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canopy gaps in relation to the solar position resulted in a large proportion of the snow
surface being sunlit in the morning, while the site had a smaller sunlit view fraction at the
same zenith angle in the afternoon. This resulted in a non-symmetrical diurnal signal of
measured LSA during a clear sky day (Figure 5.9), with minimal change in LSA during the
first half of the day, followed by a clear decrease in LSA of sparse WPs (canopy coverage
< 50%) during the afternoon.
Figure 5.9: Measured LSA as a function of azimuth angle, on 26 April 2019 at the boreal pine site
(Sodankylä, FIN). Color represents canopy coverage of individual WPs derived from CHMs.
5.2.4 Meteorological conditions
Meteorological boundary conditions can further influence LSA in seasonally snow-covered
forests. Increased cloudiness generally corresponds to an increase in multiple scattering,
leading to a higher LSA. However, during overcast conditions the potential for snow to be
sunlit is diminished, leading to lower LSA values. Figure 5.10a contrasts LSA and 𝜖𝑠𝑘𝑦 as
a function of 𝑉 𝐹𝑆𝑛𝑜𝑤 for the birch and pine sites in Sodankylä, Finland and the spruce
site in Davos Laret, Switzerland. For denser forests (𝑉 𝐹𝑆𝑛𝑜𝑤 < 0.4), the difference in LSA
between cloudy and clear sky conditions is small. No clear signal could be obtained from
measurements conducted in sparse forests (𝑉 𝐹𝑆𝑛𝑜𝑤 > 0.6). Figure 5.10b further visualizes
differences in LSA between cloudy and clear sky conditions. The median for LSA in cloudy
conditions (0.12) is smaller compared to clear sky conditions (0.18), while the peak of the
distribution function is steeper under cloudy conditions. Additionally, the spread in LSA
for cloudy conditions appears to be smaller compared to clear sky conditions, although




Figure 5.10: (a) UAV measurements of LSA compared with emissivity of the sky. Colour represents
𝑉 𝐹𝑆𝑛𝑜𝑤 of individual WPs derived from down-looking hemispherical photographs. (b) Raincloud plot
(Allen et al., 2019) showing distribution, box plot and data points for cloudy (𝜖𝑆𝑘𝑦 > 0.9) and clear
sky (𝜖𝑆𝑘𝑦 < 0.8) conditions.
5.2.5 Fractional snow cover
Figure 5.11: (a) UAV measurements of LSA compared with VF𝑆𝑛𝑜𝑤 for the spruce site in Davos
Laret from 3 measurement days during the melt period in the spring of 2018. (b) visualizes snow
depletion for one particular WP between 18 April 2018 and 4 May 2018.
During the melt period in the spring, snow cover extent (SCE) transitions from full snow
cover through the various stages of fractional snow cover until complete snow disappearance
is reached. The effects of fractional snow cover on effective LSA were explored at three
sites: the spruce site in Davos Laret during the 2018 melt period, and the pine and birch
site in Sodankylä during the 2019 melt period. At each site, reference full-snow-cover
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measurements were first conducted on a clear sky day before the onset of the melt-period.
Subsequently, the sites were revisited at various points of the melting season (twice at
pine site, three times at birch and spruce site). At each site, the same flight plan was used
for the full-snow-cover flight as for the partial-snow-cover flights (see Section 3.2 for more
detail), allowing to evaluate melting patterns at each distinct WP.
Figure 5.11(b) shows a series of hemispherical images to illustrate the development of the
snow cover extent at WP1 of the spruce site throughout this transition: it starts with
full (100%) snow cover conditions (18.04.2018), which diminishes to 80% (25.04.2018),
to 44% (01.05.2018) and further to 19% (04.05.2018). Figure 5.12(b) and Figure 5.13(b)
show similar developments for the birch and pine site. Note that at each individual WP
snow-melt occurred at different rates. Figure 5.11(b), Figure 5.12(b) and Figure 5.13(b)
are hence each only visualizing the SCE development of one exemplary WP.
Figure 5.12: (a) VF𝑆𝑛𝑜𝑤 versus LSA for the birch site in Sodankylä from 4 measurement days during
the melt period in the spring of 2019. (b) visualizes snow depletion for one WP during those days.
To investigate the effect of fractional snow cover on LSA VF𝑆𝑛𝑜𝑤 for each WP at each
point in time was compared with the concurrently measured LSA. Results show positive
relationships between LSA and VF𝑆𝑛𝑜𝑤 for all three cases (see Figure 5.11(a), Figure 5.12(a),
Figure 5.13(a)). In those figures, all flights performed at the individual WPs at the day
of interest are included, explaining the vertical alignment of several LSA measurements
in each of the graphs. At the sparser sites, differences in snow albedo itself contribute to
the spread, as the snow continues to age and get shallower as the melt progresses, further
affecting LSA.
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Figure 5.13: (a) VF𝑆𝑛𝑜𝑤 versus LSA for the pine site in Sodankylä from 3 measurement days during
the melt period in the spring of 2019. (b) visualizes snow depletion for one WP during those days.
5.3 Discussion
UAV-based measurements of LSA over seasonally snow-covered forest stands showed
high spatiotemporal heterogeneity of LSA. In this study, the observed forest-induced
heterogeneity of LSA was investigated with regards to the individual effects of tree
species, interception events, solar angle, meteorological boundary conditions and fractional
snow cover. Investigation of the dependency of LSA on tree species in both sub-alpine
and boreal forest environments showed clear differences in the snow-masking effect of
vegetation between needle-leaf and deciduous forest stands. Implications of this have
previously been demonstrated by Loranty et al. (2014) who compared satellite observations
and coupled climate model representations of LSA and and found simulated LSA of
deciduous forests to be substantially larger than of needle-leaf forests. Furthermore, they
found significantly worse model agreement with observed LSA for deciduous and mixed
forest stands compared to needle-leaf forests. The finding was attributed to the fact
that bio-physical characterization of forests relies heavily on needle-leaf evergreen forests,
whereas deciduous and mixed forests remain poorly characterized in land surface models.
Measurement results presented in this study, e.g. the clear differences between deciduous
and needle-leaf LSA, underline the importance of addressing this shortcoming in future
model development.
UAV-based measurements of LSA further showed intercepted snow in the canopy to be a
strong modulator of LSA. Changes of LSA in response to intercepted snow in forest canopies
have previously been reported by Stähli et al. (2009) and Bartlett and Verseghy (2015).
Their studies, however, were based on stationary tower measurements, which are typically
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located in relatively continuous forests and hence fail to incorporate the effect of gaps and
edges. Webster and Jonas (2018) also performed UAV-based measurements of LSA during
intercepted snow conditions, showing similar results to this study. The combination of
the data collected by Webster and Jonas (2018) and measurements taken in this study
creates a valuable dataset for future model evaluation efforts. Model representation of
intercepted snow and unloading is paramount for accurate simulation of LSA (Stähli et al.,
2009, Bartlett and Verseghy, 2015), which has received attention in recent land surface
model development efforts. For example, a key new feature of the Community Land
Model 5.0 (CLM5) is the introduction of separate storage terms for liquid and solid water
phases in the canopy, with intercepted snow subject to wind- and temperature-induced
unloading events (Lawrence et al., 2019). However, such parametrizations are based
on tower measurements and/or satellite retrievals of LSA above needle-leaf evergreen
forests, hence not incorporating discontinuous forest stands. Therefore, an avenue for
future research is evaluating model performance of simulated LSA during intercepted snow
conditions at heterogeneous forest stands.
This study further investigates the effects of solar angle and canopy structural shading
on LSA. Statistical analysis demonstrated a strong positive correlation between LSA and
VF𝑆𝑢𝑛 across a large range of canopy structures in two climatically different locations. This
highlights that canopy shading has a strong influence on LSA during clear sky conditions
across a much wider range of canopy structures and plant functional types than initially
demonstrated by Webster and Jonas (2018). In addition, results in this study strengthen
the spatial transferability of shading as a key control on outgoing shortwave radiation
below the forest canopy, shown at a single site by Malle et al. (2019). Overall, sub-
and above-canopy measurements from these three studies demonstrate the importance of
canopy shading for radiative processes in snow-dominated environments. This is underlined
by canopy shading of the snow surface being controlled by the geometrical arrangement of
trees in relation to the position of the sun and UAV measurements of LSA showing that
both solar zenith and azimuth angles control the diurnal variability of LSA.
Additionally, this study examined influences of meteorological boundary conditions on
LSA. LSA measurements taken during overcast conditions showed slightly less temporal
variability compared to clear-sky conditions, but no statistically significant results could
be drawn from the collected data. The effect of cloud cover on LSA has been studied
extensively in unforested areas, suggesting snow albedos to be 3-15% higher on overcast
days compared to clear-sky days (Carroll and Fitch, 1981, Konzelmann and Ohmura, 1995,
Jonsell et al., 2003). This phenomena can be explained by three facts: (1) on overcast
days, the vast majority of solar radiation is diffuse; (2) reflectance of snow is larger in
visible than in infrared wavelengths and (3) diffuse radiation consists of a larger amount
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of visible wavelengths (Wiscombe and Warren, 1980). Reflectance of vegetation, however,
is not larger in the visible wavelengths, creating a less perspicuous case for seasonally
snow-covered forest stands. Overall, LSA measurements taken for this study indicated
higher LSA values during clear sky conditions compared to overcast conditions, which is in
contrast to some previous studies (e.g. Betts and Ball, 1997) but in accordance with other
studies (e.g. Kuusinen et al., 2012). However, analysis in this study was hampered by a dis-
proportionally small amount of measurements conducted in cloudy conditions, suggesting
the need for larger datasets of LSA under cloudy conditions in future studies.
The final part of this study explored the effects of SCE on LSA. Data from repeated
flights during the snow-melt period demonstrated a positively correlated relationship
between LSA and 𝑉 𝐹𝑆𝑛𝑜𝑤, whereby 𝑉 𝐹𝑆𝑛𝑜𝑤 was used as an absolute SCE descriptor.
During the snow melt season, as SCE transitions from 100% to 0%, solar insolation is
high (e.g. > 1000 W m−2 around solar noon in sub-alpine forests) compared to early
or mid-winter. Consequently, accurately quantifying SCE in land surface models is of
profound importance, as the effect of LSA on climatic processes tends to be amplified
during springtime (Kuusinen et al., 2012). Furthermore, especially as the climate warms,
SCE is a crucial indicator for snow cover changes in climate predictions (Mudryk et al.,
2020). In addition to SCE, littering from canopy debris (e.g. Winkler et al., 2010) as
well as snow aging due to increased surface grain size (Wiscombe and Warren, 1980) and
thinning of the snow cover (allowing absorbance by the ground) affect LSA. Singling out
their individual effects as well as evaluating their respective model representations requires
further work by the scientific forest-snow community.
5.4 Chapter Summary
This study used temporally and spatially distributed in-situ measurements of Land Surface
Albedo (LSA) to investigate the driving factors that control LSA in a seasonally snow-
covered forest environment. An extensive dataset of airborne LSA measurements using
an uncrewed aerial vehicle (UAV) collected directly alongside canopy structure and snow
surface shading information, captured a large range of canopy structures and solar angles in
alpine and sub-alpine (Switzerland) as well as boreal (Finland) locations. Clear differences
in LSA were found between deciduous and needle-leaf evergreen forests, while no clear
effect of overcast conditions on LSA was found. Intercepted snow in the canopy was
shown to be a driver of LSA. Measurements conducted during various snow cover extent
stages revealed a positive relationship between LSA and the fraction of snow visible from
the view-point of the down-looking radiation sensor. Measurements further revealed a
strong correlation between LSA and sunlit snow across a range of tree species, solar angles
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and canopy structures, suggesting that canopy structural shading of the snow surface is
exerting a primary control on LSA on clear sky days.
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Chapter 6
Effect of forest canopy structure on
wintertime Land Surface Albedo:
Evaluating CLM5 simulations with
in-situ measurements
The previous chapter demonstrated a large spatial and temporal heterogeneity in Land
Surface Albedo (LSA) across seasonally snow covered forest stands. Different factors (e.g.
shading of the snow, intercepted snow in the canopy) were shown to control LSA, but
how well the underlying processes are represented by LSM remains uncertain. In order to
identify such missing or poorly represented processes in LSM, there is a strong need to
bridge the gap between the contrasting scales of model resolution and in-situ measurements
(Williams et al., 2009). This chapter will contribute to this research effort by addressing
the following research questions:
How well is LSA simulated by global climate models? Are radiative regimes
implemented in such frameworks capable of representing measured spatial and
temporal variability in LSA?
To answer these questions, the global-scale modelling algorithms of CLM5 were applied to
the point scale by running CLM5 in point mode (PTCLM) as a single grid-cell, forced
by hourly meteorological driving data and point-specific canopy descriptors. CLM5
simulations of LSA are then evaluated spatially and temporally as a function of solar angle
and canopy structure by comparing model output to spatially and temporally distributed
UAV-borne observations of LSA, as introduced in Section 3.1.2 and analysed in Chapter 5,
further assessing the robustness of the current CLM5 radiative transfer schemes.
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This chapter is currently under review as "Effect of forest canopy structure on wintertime
Land Surface Albedo: Evaluating CLM5 simulations with in-situ measurements" in Journal
of Geophysical Research: Atmospheres.
6.1 Methods
6.1.1 Site Description and data collection
Field experiments for this study were conducted in both sub-alpine (Swiss Alps) and boreal
(Finnish Lapland) forest environments, hence covering two different climatic conditions.
For this part of the study, the spruce site in Davos Laret, Switzerland and the pine
site in Sodankylä (expanded upon in detail in Section 3.2) were used for measurements
and corresponding model experiments. At each site, the DJI S1000 octocopter equipped
with up- and down-looking Kipp and Zonen CMP3 shortwave radiation sensors was used
(see Section 3.1.2) to measure spatially and temporally distributed LSA. These UAV-
borne measurements of LSA were used to assess CLM5 model performance at the process
level.
6.1.2 CLM5 model setup
CLM5, the land component of CESM 2.0, has a built-in feature (PTCLM5) whereby the
land model can be scaled down and simulations ran at point mode. Firstly, field site
specific surface datasets describing the surface characteristics needed by CLM5 have to be
generated. Parameters in these surface datasets include soil color, soil texture, fraction of
the grid cell covered by different land-unit types and fraction for different vegetation types,
and are derived from CLM5 global grid datasets and raw data files at 0.5° resolution. In
the following, PTCLM5 simulations will be referred to as CLM5 simulations.
For this study, each CLM5 simulation corresponds to a WP of a UAV flight path. These
point-mode CLM5 simulations of snow pack mass and energy fluxes were run at 21 WPs,
nine at the sub-alpine spruce site (Laret, CH) and twelve at the boreal pine site (Sodankylä,
FIN), using site-specific meteorological forcing and waypoint-specific forest canopy data.
While the two sites contained different tree species (spruce, pine), they were both classified
by CLM5 as the PFT Needle-leaf Evergreen Trees (NET). Hence, each CLM5 run was
set up to simulate a grid cell being fully (100%) covered by NET of variable densities.
Meteorological driving data (incident short and longwave radiation, air temperature,
relative humidity, wind speed, pressure and precipitation) at 1-hour temporal resolution
was derived from automatic weather stations (AWS) in unforested, open locations within
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1 km of each forest site (see Section 3.1.3). CLM5 simulations ran between January 2017 -
August 2018 at Laret and between January 2018 - August 2019 at Sodankylä to coincide
with evaluation data while also allowing one year of spin-up. A spin-up was necessary to
ensure soil moisture and soil temperature were in equilibrium and not affecting temporal
dynamics and physical properties of the simulated snow cover evolution.
In CLM5, vegetation structure for each PFT is described by monthly varying Leaf Area
Index (LAI) and Stem Area Index (SAI), as well as heights of canopy top and bottom.
The percentage PFT occupying a particular cell, monthly LAI and SAI are derived from
MODIS satellite data (Lawrence and Chase, 2007). The combination of LAI and SAI
results in the Plant Area Index (PAI). For CLM5 simulations in point-mode, however,
these canopy descriptors were calculated from a combination of above-mentioned terrestrial
LiDAR data (boreal sites; canopy heights), airborne LiDAR data (sub-alpine sites; canopy
heights) and hemispherical photography (all sites; PAIs).
In-situ up-looking hemispherical images were taken at all 9 WPs in Laret and at 6 out of
the 10 in Sodankylä, while at the remaining 4 boreal sites synthetic hemispherical images
were generated from terrestrial LiDAR data following Webster et al. (2020). Hemispherical
images were first binarized into tree and sky, using a threshold algorithm provided by the
model HPEval (Jonas et al., 2020). PAI was then calculated using the image analysis
software ’Hemisfer’ (Schleppi et al., 2007) based on an algorithm introduced by Miller
(1967). PAI was split into LAI and SAI by applying the proportions given in the 0.25∘
MODIS-derived LAI and SAI standard CLM5 input dataset (0.28 for Sodankylä, 0.33 for
Laret).
In addition, synthetic experiments were set up for both Sodankylä and Laret: PAI was
varied from 0 to 5 at 0.1 increments, while the meteorological and remaining point-specific
canopy data remained the same. This allowed us to specifically investigate the sensitivity
of simulated LSA to PAI.
6.1.3 Snow undercatch
Precipitation intensity and amount often show high small-scale variability. Furthermore,
the trajectory of a snow flake is easily affected by wind speeds, resulting in solid precipita-
tion being generally underestimated by precipitation gauges (e.g. Fassnacht, 2004). For
the model experiments of this thesis, it was important to estimate this degree of snow
undercatch at each site. Analysis of snow depth measurements at the AWS in Laret and
Sodankylä in combination with CLM5 simulations at unforested open sites adjacent to
forest measurement locations allowed to account for this gauge undercatch of measured
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precipitation. Snow undercatch factors for solid precipitation were determined as 1.3 and
1.5 for Laret and Sodankylä respectively, both sites featuring unshielded gauges.
6.1.4 Model adaptations
Before CLM5 could be taken forward to address the research objectives a number of
adjustments were made to the model to ensure melt-out occurred at the correct time so
that simulated LSA could be faithfully compared to observed LSA.
Figure 6.1: Simulated snow depth evolution for Davos Laret featuring default CLM5 model runs.
Grey background indicates time period of intensive observation campaign, where full snow cover was
observed at all waypoint locations.
Initial simulations at all forested sites showed that snow melted too quickly across all PAI
when compared to observations (Figure 6.1). In order to obtain realistic snow depth and
LSA simulation output at both open and forested areas, modifications of the CLM5 model
code itself were necessary. Adaptations were made in three different areas: the turbulent
transfer through the forest canopy, the snow covered area shape function, and the fraction
of the canopy that is snow covered following interception events. Table 6.1 summarizes
all model adaptions, the entirety of which led to realistic snow pack developments at all
waypoint locations. In the following sections, all model adaptions are expanded upon in
detail.
Turbulent transfer
The main issue which lead to exaggerated melt at forested sites was attributed to an
overstated sensible heat exchange between the canopy air space and the snow surface, with
up to 700 W m−2 of sensible heat flux going into the snow pack. This was mitigated by
reducing the thermal resistance of the forest canopy as well as the wind speed within the
canopy, each by a factor of 10. This adaption is a first order correction, which allowed
CLM5 to be used for the purposes of this study. In CLM5, the unitless turbulent transfer
coefficient for less-than-dense canopy (𝑐𝑠𝑜𝑖𝑙𝑐𝑛) is a function of the turbulent transfer
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Table 6.1: CLM5 model setup and adaptions compared to the CLM5 default version.
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coefficient for soil under canopy (𝑐𝑠𝑜𝑖𝑙𝑐), the turbulent transfer coefficient over bare soil
(𝑐𝑠𝑜𝑖𝑙𝑏), and canopy density (𝑤). It is calculated by:
𝑐𝑠𝑜𝑖𝑙𝑐𝑛 = 𝑐𝑠𝑜𝑖𝑙𝑏 · 𝑤 + 𝑐𝑠𝑜𝑖𝑙𝑐 · (1− 𝑤) (6.1)
𝑐𝑠𝑜𝑖𝑙𝑐 [-] is set to 0.004, and 𝑐𝑠𝑜𝑖𝑙𝑏 [-] is parametrized based on the roughness length of the






Adjusting the turbulent transfer coefficient was not sufficient. In addition, the wind speed
within the canopy (uaf) had to be decreased by a factor of 10. In CLM5, uaf is calculated
as a function of wind speed at an open area (u𝑚, m s−1), incorporating the stability effect,
and aerodynamical resistance (ram):











Simply dividing uaf by a factor of 10 is quite a crude correction, which indirectly also
affected the turbulent transfer coefficient csoil𝑐𝑛. However, turbulent transfer through forest
canopies is a major source of uncertainty (Link and Marks, 1999), and parametrizations
tend to not be based on observations, as they are very difficult to obtain. This adaption
should be viewed as a necessary tuning exercise for this specific study. There is, however, a
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need to improve turbulent heat transfer parametrizations of forested environments, which
will require attention in the future.
Snow-covered area shape function
Figure 6.2: Fractional snow cover vs. dimensionless SWE during melt period for grid cells with
varying standard deviation of topography (𝜎𝑡𝑜𝑝𝑜) as calculated by Equation (6.5). Figure adapted from
Swenson and Lawrence (2012). The green dashed line was used for this study.
The majority of model evaluation data was collected in the spring, right before and during
the snow melt period, further requiring to match melt out patterns of observations and
model simulations. Fractional snow-covered area (FSno) in CLM5 is calculated following
Swenson and Lawrence (2012):








𝑊 is the simulated snow water equivalent (SWE) at the current time step and 𝑊𝑚𝑎𝑥 is
the maximum simulated SWE of the snow season. 𝑛𝑚𝑒𝑙𝑡 is the snow covered area shape






For point-scale simulations, 𝜎𝑡𝑜𝑝𝑜 was difficult to quantify. A top down approach was taken,
by calculating FSno for a range of 𝜎𝑡𝑜𝑝𝑜 and investigating which solution best matches
observations at the field sites. Figure 6.2 shows calculated FSno for a range of 𝜎𝑡𝑜𝑝𝑜 for
the entire range of SWE. In accordance with observations, a low 𝜎𝑡𝑜𝑝𝑜 was chosen (green
dashed line in Figure 6.2), which delayed the onset of fractional snow cover and showed a
rapid decline in snow cover extent towards the end of the melt season.
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Fraction of canopy that is snow-covered
Figure 6.3: Intercepted snow (a) and the coinciding LSA (b) computed with the original and the
adapted CLM5 model version for an exemplary clear sky day (22.3.2018) with no precedent snow fall
event at a sparse forest canopy (PAI=1) site in Davos Laret.
The fraction of canopy that is snow-covered (fcansno) has substantial effects on LSA,
however, in the CLM5 default model version LSA was unrealistically responsive to even
tiny amounts of snow in the canopy. In the default CLM5 version, fcanso is based on the
amount of intercepted snow in the canopy (snocan in mm 𝐻2𝑂, Figure 6.3), forest density
(PAI), the maximum allowed dew (dewmx) and a parameter called "fraction of vegetation
that is not covered by snow" (𝑓𝑣𝑒𝑔𝑛𝑜𝑠𝑛𝑜):
.𝑓𝑐𝑎𝑛𝑠𝑛𝑜𝑜𝑟𝑖𝑔 = (
𝑑𝑒𝑤𝑚𝑥𝑖

















The problem that arises from this parametrization, is that 𝑓𝑣𝑒𝑔𝑛𝑜𝑠𝑛𝑜 is a logical operator
that can only be set to 0 or to 1. Hence, if even the smallest amount of dew is formed
over night, it is already noticeable in the simulated LSA for the majority of the next
day. Furthermore, it can be seen that the maximum amount of intercepted snow that can
be held by a canopy is limited to 6 * 𝑃𝐴𝐼, and because in the original parametrization
snocan as a fraction of 𝑠𝑛𝑜𝑐𝑎𝑛𝑚𝑎𝑥 is taken to the power of 0.15, even smallest amounts of
snocan result in relatively high values of 𝑓𝑐𝑎𝑛𝑠𝑛𝑜 (e.g. 0.05 of 𝑠𝑛𝑜𝑐𝑎𝑛𝑚𝑎𝑥 will result in
a 𝑓𝑐𝑎𝑛𝑠𝑛𝑜 of 0.64, leading to an unrealistically high LSA). This problem was mitigated
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by removing the power of 0.15, and omitting 𝑓𝑣𝑒𝑔𝑛𝑜𝑠𝑛𝑜 altogether, as 𝑓𝑐𝑎𝑛𝑠𝑛𝑜 is only
calculated if 𝑠𝑛𝑜𝑐𝑎𝑛 is larger than 0. Results of implementing this adaption is shown in
Figure 6.3. Figure 6.3 (a) shows the amount of intercepted snow modelled by CLM5 for
an exemplary clear sky day with no precedent snow fall event at a sparse forest stand
(𝑃𝐴𝐼 = 1). Figure 6.3 (b) shows the same day and forest stand, but contrasts the difference
in simulated LSA between the original and the adapted CLM5 model version.
Collective effects
In order to visualize the collective effects of the CLM5 model adaptions, Figure 6.4 shows
differences in snow pack evolution between CLM5 default and CLM5 adapted model runs
for all WPs at the Davos Laret site. The CLM5 adapted runs showed less difference in
melt-out date between WPs of different PAIs. This was crucial, as an important part of
the LSA measurements were taken on 18.04.2018 (highlighted by a grey background in
Figure 6.4), under full-snow-cover conditions. Hence, the entirety of the discussed model
adaptions, resulting in CLM5 adapted model runs, accurately represented full-snow-cover
conditions for that day and further allowed us to compare and evaluate CLM5 simulations
on 18.04.2018.
Figure 6.4: Simulated snow depth evolution for Davos Laret featuring a) default CLM5 and b)
adapted CLM5 model runs. Grey background indicates time period of intensive observation campaign,
where full snow cover was observed at all waypoint locations.
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6.2 Results
The adapted CLM5 model version is now taken forward and driven by site-specific
meteorological data and waypoint-specific descriptors of vegetation structure. The effects
of (i) solar zenith angle (ii) solar azimuth angle and (iii) canopy and land surface descriptors
and (iv) PAI are investigated. The simulated seasonal evolution of LSA is compared to
measurements for a range of canopy covers. This facilitates the development of a first-order
correction, further referred to as effective PAI correction, which was applied to CLM5 in
order to replicate measured LSA.
6.2.1 Effect of solar zenith angle
Figure 6.5: (a) Measurements of LSA and (b) CLM5 simulations of LSA at different zenith angles and
snow view fractions for a single clear sky day (18.4.18) at the spruce site in Davos Laret, Switzerland.
Note the difference in y-axis limits and the fact that light brown points in a) resulted in identical
CLM5 simulation results and are hence overlapping in b).
Here data shown and discussed in Section 5.2.3 is built upon. Measurements originated
from a series of flights at the spruce site in Davos Laret over the course of one day
(Figure 6.5a), which revealed a strong effect of solar zenith angle on LSA. Depending on
forest canopy sparsity, LSA was shown to either decrease or increase with increased solar
zenith angle.
Corresponding CLM5 simulations (Figure 6.5b) show only a minimal response to diurnal
changes of the zenith angle. Contrary to measurements, simulated LSA increases slightly
with zenith angle even for very sparse points (𝑉 𝐹𝑆𝑛𝑜𝑤 > 0.4), but only by less than 5%.
These small differences are a function of the interplay between forest floor snow albedo
(dependent on grain size and the angle of incidence of the solar rays) and canopy radiative
transfer calculations in CLM5. At WPs over denser canopy, CLM5 simulations replicate
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magnitudes of measured LSA fairly well. Most notably, however, CLM5 simulations feature
a large positive bias of up to 40% in LSA estimates for sparse canopy.
6.2.2 Effect of solar azimuth angle
Figure 6.6: On 26 April 2019 at the boreal pine site (Sodankylä), (a) variability in measured LSA
as a function of azimuth angle, and (b) in comparison to 𝑉 𝐹𝑆𝑢𝑛. Figures (c) and (d) replicate (a)
and (b) with LSA simulated using CLM5. Color represents canopy coverage of individual WPs derived
from CHMs.
In addition to zenith angle, the azimuth can also be important for LSA, as it controls
the orientation of shadows on the snow surface. Again, the illustrative example shown
in Section 5.2.3 from the boreal pine site in Sodankylä (Figure 6.6), which highlights the
effects of azimuth angle on LSA, is built upon.
CLM5 simulations show only a minimal variation of the simulated LSA with azimuth
angle (Figure 6.6c) and the measured decrease in LSA at WPs with sparse canopy during
the second half of the solar cycle is not represented in the CLM5 output. CLM5 does not
consider the azimuth angle, so any corresponding variation of LSA is of indirect nature
only. Figure 6.6d further shows a strong response of simulated LSA to VF𝑆𝑢𝑛 (R2 = 0.63),
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however, only between WPs but not within each WP. Consistent with results for this site
and day, simulated LSAs for sparse canopies were consistently overestimated, with a high
bias of up to 20%.
6.2.3 Seasonal LSA evolution
Figure 6.7: Seasonal development of LSA at each WP at the spruce site in Davos Laret, Switzer-
land. Solid lines are CLM5 simulations for different forest canopy coverage. Circles indicate UAV
measurements of LSA at waypoints with different canopy cover. Data gaps correspond to night time
periods.
Compared to all measurements taken in clear sky conditions between February and May
2018 at the spruce site in Davos Laret, CLM5 both over- and underestimated LSA. LSA in
very sparse environments (CC < 20%) was overestimated between 26-66%, while LSA was
both under- and overestimated in dense canopies (CC > 50%). Specifically, compared to
the individual measurements throughout the season at both dense and sparse WPs, CLM5
simulations overestimated LSA by 0.5-66% at 67% of the cases and underestimated LSA
by 1-12% in the remaining 33%. Underestimation of LSA predominantly occurred during
low zenith angles around solar noon. Forest floor snow albedo also modulates overall LSA,
and it is at the very sparse areas where it has the strongest effects. In most cases, however,
the effect of the forest canopy prevails.
A clear response to interception events can be noted when spikes in simulated LSA coincide
with snowfall events and resulting in snow added to the canopy. Furthermore, during
mid-April, simulated LSA strongly declines responding to melt-out of snow on the ground,
especially in sparse canopies. Simulated LSA in Figure 6.7 also demonstrates that, as
canopy coverage decreases from dense to sparse, the diurnal shape of simulated albedo
changes from a parabola shape with the vertex at the lowest point to an upside-down
parabola, with this transition occurring at approximately 30% canopy coverage.
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6.2.4 Effect of canopy and land surface descriptors
Figure 6.8: LSA compared to four different canopy and land surface descriptors for the pine (FIN)
and spruce (CH) field sites: a-d show UAV-based measurements of LSA while e-h visualize CLM5
model output of LSA. The complexity of the parameter describing the forest canopy increases from
left to right.
Measured LSA is strongly correlated to shadows cast by trees, which is a function of
the position of the sun relative to the structure of the canopy surrounding each WP.
In an attempt to isolate the relationship between LSA and various canopy descriptors
from the effect of the moving sun, the following data analysis was limited to data from
a confined range of zenith angles (57-67∘), which was chosen to include the maximum
amount of measurements at both the pine site in Sodankylä and the spruce site in Davos
Laret. Figure 6.8 shows the correlation between either measured or simulated LSA and
four different metrics that relate to canopy structure and radiation transfer (PAI, 1-CC,
VF𝑆𝑛𝑜𝑤, VF𝑆𝑢𝑛). While CLM5 is built around a radiation transfer model that emphasizes
an exponential relationship between LSA and PAI, measurements show comparatively
little correlation between those variables. On the contrary, measurements suggest a strong
correspondence between LSA and VF𝑆𝑢𝑛, a relationship that is currently unaccounted for
in CLM5. Correlations for 1-CC and VF𝑆𝑛𝑜𝑤 constitute a transition between the above
extreme cases. The four descriptors represent a sequence of canopy metrics increasing in
complexity from spatially generalized (PAI), to local environment (CC), to specifically
accounting for the spatial arrangement of surrounding canopy elements independent of
the position of the sun (VF𝑆𝑛𝑜𝑤), or in direct relation to the position of the sun (VF𝑆𝑢𝑛).
Along this transition, correlation to LSA increases for observational data (Figure 6.8a-d),
but decreases for CLM5 simulations (Figure 6.8e-h).
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6.2.5 LSA sensitivity to PAI
Figure 6.9: Simulated LSA (lines) as a function of PAI (0 <= PAI <= 5) for a clear sky day
(26.4.2019) at the pine site in Sodankylä.
Data from WPs over sparse canopy environments have demonstrated considerable overes-
timation of CLM5 simulated LSA. In an attempt to explain the high bias, a sensitivity
analysis is performed, which is based on the CLM5 LSA simulations with synthetically
varying PAI, whose values were selected to lie between 0 and 5 at 0.1 increments. Focusing
on one clear sky day in Sodankylä (26.04.2019), Figure 6.9 highlights that most of the
reduction in simulated LSA with an increasing PAI happens between PAI 0 and PAI 1
(approximately 60%) while simulated LSA only decays marginally with PAI when PAI
exceeds 2.
6.2.6 Effective PAI values
The systematic high biases in CLM5 compared to measurements suggest that the exponen-
tial relationship between LSA and PAI (Figure 6.8e) may exaggerate LSA increases with
decreasing canopy density (Figure 6.9). This has raised the question, what effective PAI
values would be needed in the radiation transfer equations to replicate measured LSA? To
this end, an optimal PAI for each WP location was derived individually (“best fit PAI”)
by minimizing the error of each WP simulation. Best fit PAI values were mostly higher
than those estimated from point specific hemispherical images, particularly for the spruce
site. A logarithmic function was further fitted to those best fit PAI values, whereby each
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Figure 6.10: Original PAI of WPs derived from hemispherical photographs vs. the PAI which would
result in the lowest difference between measured and simulated LSA (“best fit PAI”). Size of dots
corresponds to the improvement of simulated LSA by using the “best fit PAI” across all measurement
points.
data point was weighted dependent on the resulting improvement of simulated LSA when
using the best fit PAI values. This approach provided a parametrization of effective PAI
as a function of HP-derived PAI, the results of which are summarized in Figure 6.10. The
shown best fit PAI equations were applied to compute effective PAIs at each WP location,
which were subsequently used to re-run CLM5 simulations. CLM5 LSA simulations using
these effective PAIs showed a substantial improvement for both the spruce (Figure 6.11a-b,
76% RMSE reduction) and the pine site (Figure 6.11c-d, 64% RMSE reduction).
6.3 Discussion
Assessment of LSM performance is complicated due to the often contrasting spatial scales
of model resolution and in-situ measurements as well as the concurrence of parametric and
structural uncertainties in modelling frameworks (Keenan et al., 2011). In this study, the
combination of spatiotemporal LSA measurements with corresponding CLM5 simulations
allowed identification of deficiencies in model process representation, e.g. canopy structural
shading of the snow surface. UAV measurements showed both zenith and azimuth angles
control diurnal variability of LSA. However, corresponding CLM5 simulations were not
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Figure 6.11: Measured vs. simulated LSA for simulations run with original PAI (a,c) and with
effective PAIs following the equations in Figure 6.10, for both the spruce (a,b) and the pine (c,d) site.
able to replicate the observed diurnal or spatial variability in LSA. The two stream
approximation used in CLM5 (Sellers, 1985) only takes zenith angle into account, which
changes simulated LSA by marginal amounts in early mornings and late afternoons.
Largest discrepancies between simulations and measurements of LSA were identified in
sparse forest environments, consistent with Yuan et al. (2017), who found the two stream
approximation performed best in dense forests with limited spatial heterogeneity. Gaps
and edges, predominant in sparse forest environments, increase the potential for direct
insolation of the snow surface and result in LSA which are highly variable in space and time.
It is in these environments where CLM5 simulations showed most substantial deficiencies,
and failed to replicate the measured diurnal and spatial variability in LSA.
CLM5 uses the big leaf approach which simplifies the canopy structure into a homogeneous
layer of absorbent matter. Moreover, absorption is parameterized as a function of PAI,
which is a spatially integrated metric that neglects any structural heterogeneity within
the canopy of interest. In consequence, CLM5 is unable to reflect the complex interplay
between solar position and gaps in the surrounding canopy as evidenced by sub-canopy
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Figure 6.12: PAI magnitudes across the northern hemisphere extra-tropics derived from the 0.25
degree input surface dataset of CLM5. Locations of measurement sites in Laret, CH and Sodankylä,
FIN are indicated by green stars.
radiation measurements (Malle et al., 2019, Mazzotti et al., 2019), which in turn influence
LSA. The particularly striking biases for sparse canopies suggest that CLM5 not only
over-represents the penetration of direct light through sparse canopy, but further does
not account for the spatial and temporal heterogeneity in canopy snow surface shading.
Simulations further showed how in sparse forest environments even small changes in PAI
can have large effects on simulated LSA. This is in line with findings by Manninen and
Jääskeläinen (2018), who albeit only looking at diffuse radiation, found that CLM4 LSA
decays more steeply with increasing PAI compared to two other albedo schemes, the
Canadian Land Surface Scheme (Verseghy et al., 1993) and the forest reflectance model
PARAS (Rautiainen and Stenberg, 2005). Wang, Cole, Bartlett, Verseghy, Derksen, Brown,
Von Salzen and Salzen (2016) also found that most of the LSA reduction in CLM4 happens
as PAI is increased from 0 to 1, and that a LSA saturation occurs for PAI values exceeding
3. Furthermore, Wang, Cole, Bartlett, Verseghy, Derksen, Brown, Von Salzen and Salzen
(2016) demonstrated that LSA in CLM4 is more sensitive to a PAI-induced bias in the
visible compared to the near-infrared wavelengths, as greater disparities between snow and
forests emerge in the visible wavelengths.
The global dataset of wintertime NET PAI (MODIS-derived, 0.25∘) commonly used
in CLM5 simulations (Figure 6.12), shows that sparse forest canopies (PAI < 2) are
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found in approximately 8% of the NET covered pixels. These pixels are mostly located
around the circumpolar taiga to tundra transition, an area particularly sensitive to climate
change (Serreze et al., 2000, Swann et al., 2010). Dense forest canopies (PAI > 2), on
the other hand, account for approximately 92% of the NET area. Hence, across the
northern hemisphere, differences in simulated LSA resulting from differences in canopy
density are limited, as model sensitivity experiments showed that simulated LSA was
relatively insensitive to increasing PAI values above 2, which is in stark contrast to what
measurements suggested. This problem was partly mitigated by using effective PAI values.
Effective PAIs could be a first step to remove the overall bias in LSA for sparse canopies
without the need of structural changes to the radiation transfer scheme built into CLM5.
However, such an approach would not help to fix the limited diurnal variation of simulated
LSA, which would necessitate a more detailed representation of radiation transfer through
canopy gaps.
Investigation into the relationship between model error and land surface descriptors
showed that 𝑉 𝐹𝑆𝑢𝑛 has the best correlation with measured LSA. While 𝑉 𝐹𝑆𝑢𝑛 can be
straightforward to measure in this instance, incorporating this variable into LSM would
be much more challenging. In recent years, airborne LiDAR data has become a valuable
source of detailed canopy structure information, which has motivated the development
of models that can characterize radiation transfer through forest canopy at much greater
detail (Musselman et al., 2013, Zellweger et al., 2019, Jonas et al., 2020). Recent efforts
have resulted in methods that are efficient enough to resolve insolation patterns down to
meter resolution even over fairly large areas (∼ 1km2, Webster et al. (2020)).
The benefit of such a detailed representation of radiative transfer processes within a snow
model was first demonstrated by Musselman et al. (2012). Currently, there are at least two
forest snow models capable of fully-distributed simulations at very high spatial resolution,
that include similarly detailed radiation transfer models and reproduce observed snow
accumulation and melt dynamics more accurate than conventional models (Broxton et al.,
2015, Mazzotti, Essery, Webster, Malle and Jonas, 2020). While these approaches may
be too computationally expensive for inclusion in LSM intended for hemisphere-scale
applications, they demonstrate the increasing potential for spatially distributed radiation
transfer schemes capable of explicitly resolving radiation transfer through canopy gaps.
In coarse scale LSM like CLM5, structural heterogeneity needs to be better described
in order to explicitly account for diurnal variability of LSA. Inclusion of a metric which
accounts for canopy structure in 2D, combined with a radiative transfer approach that
allows for temporal interaction between solar position and such 2D canopy structures is
proposed as a result of this study. Such an approach would allow the temporal variability
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of canopy shading of the snow surface to be more explicitly represented, and should be a
focus in the development of the next generation of LSM.
6.4 Chapter Summary
In this chapter, the previously presented airborne LSA measurements using an UAV
co-registered to canopy structure and snow surface shading information (see Chapter 5)
were used to evaluate the performance of the radiative transfer scheme implemented in the
Community Land Model 5.0 (CLM5) over seasonally snow-covered forest stands in boreal
and sub-alpine environments from a LSA perspective. Simulations did not adequately
capture the measured spatial and temporal variability in LSA. This is partly due to
the generalized canopy structure in the radiative transfer scheme, which over-simplifies
the interaction between solar position and canopy heterogeneity. Additional errors then
resulted in the amount of solar radiation incident at the snow surface, particularly in
sparse forest environments. Analysis of diurnal patterns of measured LSA further revealed
strong effects of both azimuth and zenith angles on LSA, which were not replicated by
CLM5 simulations. Decay in simulated LSA with increasing Plant Area Index (PAI, the
main canopy descriptor in CLM5) between 0 and 2 was too rapid. As simulations further
showed strong overestimations of LSA in sparse forest environments, the use of effective
PAI values as a simple first-order correction for this discrepancy is proposed. However,
more complex canopy descriptors are needed which account for gaps and capture the
structural heterogeneity of forest stands. Such model developments would help decrease
uncertainty in LSA simulations across seasonally snow-covered forest environments, with
profound implications for snow albedo feedbacks.
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Chapter 7
Impacts of time-varying transmissivity
on CLM5 simulations of sub-canopy
shortwave radiation
Chapter 4 demonstrated sub-canopy incoming shortwave radiation to be highly variable
in space and time. Subsequently, land surface albedo (LSA) was shown to be highly
dependent on solar angle (see Chapter 5) and model experiments with the Community
Land Model 5.0 (CLM5) revealed that CLM5 simulations did not adequately capture the
measured spatial and temporal variability in LSA (Chapter 6). In this chapter, model
evaluation efforts are expanded to sub-canopy incident shortwave radiation, as RQ2b is
addressed:
Are radiative regimes implemented in LSM capable of representing measured
spatial and temporal variability in sub-canopy incoming shortwave radiation?
Furthermore, potential avenues for future research are presented, as the importance of
accounting for directionality of solar irradiance for simulation of sub-canopy incoming short-
wave radiation is investigated and the impacts of integrating a time-varying transmissivity
for direct shortwave radiation into the CLM5 radiation scheme are evaluated. The solar
radiation algorithm HPEval from Jonas et al. (2020) is used to model sub-canopy direct and
diffuse shortwave radiation along the cable car transect in Davos Laret (see Section 3.1.1
for a description of the applied measurement setup). This modelled sub-canopy shortwave
radiation is used to force CLM5, bypassing the two-stream approximation, resulting in a
model version herein referred to as CLM5 modified. Performance of the CLM5 default and
CLM5 modified model versions are evaluated using independent cable car measurements
of sub-canopy incoming shortwave radiation.
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Figure 7.1: Overview of modelling strategies applied in this study: CLM5 default vs. CLM5 modified.
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7.1 Methods
The CLM5 model configuration used in Chapter 6 is applied for point-simulations of
both the CLM5 default and the CLM5 modified model experiments at forty-two locations
along the 48m long cable car transect in Davos Laret (Switzerland). The only difference
between the two CLM5 versions is the radiative transfer calculation (Figure 7.1). Both
sets of experiments ran at an hourly temporal resolution between January 2017 - August
2018.
7.1.1 CLM5 default
The CLM5 default version uses the two-stream approximation, requiring Plant Area Index
(PAI), Leaf Area Index (LAI) and Stem Area Index (SAI) as input parameters. These
parameters were acquired using up-looking hemispherical images (Sony Alpha NEX6
camera) at the forty-two locations along the cable car transect, which were binarized
into tree and sky using the image analysis software ’Hemisfer’ (Schleppi et al., 2007) to
allow calculation of PAI. Respective LAI and SAI were obtained using their respective
proportions in the 0.25∘ MODIS-derived LAI and SAI standard CLM5 input dataset.
7.1.2 CLM5 modified
The CLM5 modified configuration is similar to the CLM5 default configuration, except the
two-stream approximation is replaced by offline radiative transfer calculations. Figure 7.1
gives an overview of the applied modelling strategies. The forty-two hemispherical pho-
tographs taken along the cable car transect are used to parameterize HPEval (Jonas et al.,
2020). HPEval calculates below forest radiation regimes at high temporal and spatial
resolutions, providing estimates of sub-canopy incoming solar radiation. It accounts for
terrain shading and solves for shortwave transmissivity at each of the forty-two points along
the transect. Overall transmissivity (𝜏) is split into diffuse and direct components, where
diffuse beam transmissivity is approximated by sky-view fraction (𝑉 𝐹𝑆𝑘𝑦) and direct beam
transmissivity, henceforth time-varying transmissivity (𝜏𝑡), is calculated as the fraction
of the solar disk that is not obscured by the canopy or terrain. Transmissivities were
calculated at a 2 minute temporal resolution, January 2017 through August 2018, and then
aggregated to hourly resolution for forcing of CLM5. Computed HPEval transmissivities
were assumed to be identical for NIR and visible wavelengths.
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7.1.3 Sub-canopy radiation
Forest canopy transmissivities were applied to above canopy incoming shortwave radiation
measurements to calculate sub-canopy incoming shortwave radiation. Open site shortwave
radiation measurements were used as a proxy for above canopy measurements, which were
partitioned into diffuse and direct components following Erbs et al. (1982). Calculated
sub-canopy shortwave radiation was then evaluated based on spatiotemporal sub-canopy
measurements of incident solar radiation, from the cable car system (Section 3.1.1). Cable
car measurements were combined with open site AWS measurements in order to compute
benchmark transmissivities of shortwave radiation.
7.2 Results
7.2.1 Measured transmissivities
Figure 7.2: Measured transmissivity (𝜏𝑚𝑒𝑎𝑠) along the cable car transect in Davos Laret for 18 April
2018 as calculated from cable car measurements along the transect and open site AWS measurements
of SWR.
High transmissivity values were measured whenever the position of the sun combined with
the overlying canopy structure allowed direct insolation of the ground surface (Figure 7.2).
The transmissivity pattern mirrors that of sub-canopy incoming shortwave radiation
(see Section 4.2.1), a diagonal pattern in the space-time domain resulting from high
transmissivity values over the day tracking the sun path from East to West.
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7.2.2 Modelled transmissivities
Figure 7.3: Direct beam transmissivity (𝜏𝑑𝑖𝑟) along the cable car transect in Davos Laret for 18 April
2018 as simulated by a) default CLM5, using the two-stream approximation; b) modified CLM5, using
the radiative transfer model HPEval.
CLM5 default simulations (Figure 7.3a) did not reproduce the observed spatio-temporal
patterns of transmissivity (Figure 7.2), and showed minimal diurnal variability, due to
the over-simplified geometrical representation of canopy elements. Discrepancies be-
tween measured and modelled transmissivities are particularly high in the middle of the
transect, where the forest canopy was discontinuous and measurements showed large
diurnal variabilities of solar transmission which were not replicated by the CLM5 default
simulations.
Modified CLM5 simulations (Figure 7.3b) well reproduced measured transmissivities in
the space-time domain. Differences were especially pronounced towards the east end of
the transect at the end of the day, possibly emerging due to small camera alignment
issues. Both CLM5 default and CLM5 modified runs were performed at one hour temporal
resolution, which eventuated in coarser grid-cells, further explaining the visually noticeable
coarseness in Figure 7.3 compared to the continuously taken cable car measurements shown
in Figure 7.2.
7.2.3 Modelled vs. measured transmissivities
Difference between measured and modelled transect averaged sub-canopy shortwave radia-
tion varied over the course of a clear-sky day. CLM5 default simulations overestimated
sub-canopy incoming solar radiation by up to 130 W 𝑚−2 while CLM5 modified simula-
tions represented measured solar transmission through the canopy well, both in location
and magnitude. However, at around 17:00 hrs, CLM5 modified simulations briefly spike
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Figure 7.4: Temporal evolution of spatially averaged sub-canopy incoming shortwave radiation along
the cable car transect in Davos Laret, Switzerland: Cable car measurements, CLM5 default and CLM5
modified, which is denoted as "CLM5 w/ transm." in the figure.
upwards, which is not replicated by measurements. This is most likely due to the hourly
temporal model resolution in combination with small camera alignment issues.
Figure 7.5: Measurements of sub-canopy incoming shortwave radiation (x axes) are plotted against
model results (y axes) obtained with a) the CLM5 default and b) the CLM5 modified version.
Measured and modelled differences of all averaged cable car transects between January
and May 2018 showed CLM5 modified simulations performed substantially better than




Cable car measurements demonstrated pronounced small-scale variability of solar trans-
mission through the forest canopy, which was controlled by local canopy structure. Model
experiments revealed that this variability in space and time was not captured effectively
by CLM5 default simulations. This finding is in agreement with Rosati et al. (2020), who
demonstrated radiative heterogeneities within a forest stand often remain unaccounted
for in coarse-resolution LSM due to simplified canopy structure representation. The main
canopy descriptor in CLM5 default simulations is PAI, a spatially integrated metric which
neglects canopy structural heterogeneity. Consequently, the complex interplay between
solar position and gaps in the surrounding canopy, as evidenced by measurements (Malle
et al., 2019, Mazzotti et al., 2019), could not be represented by the two-stream approxima-
tion ’big leaf’ approach of CLM5 default simulations. Findings are consistent with Yuan
et al. (2017), who found the two-stream approximation performed best in dense forests with
limited spatial heterogeneity, and Sellers (1985) showing the two-stream approximation
only takes zenith angle into account, which does not allow for non-symmetrical radiative
transfer through forest canopies.
In contrast, CLM5 modified simulations were able to replicate measured variability in space
and time more accurately. Mazzotti, Essery, Webster, Malle and Jonas (2020) evaluated this
approach using the snow model FSM2 (Essery, 2015), demonstrating benefits of accounting
for detailed spatial patterns of shortwave radiation transfer from a snow model perspective.
Performing transmissivity calculations offline with the radiative transfer algorithm of Jonas
et al. (2020) allowed maintaining the original structure and computational efficiency of
CLM5, which makes this approach feasible for potential larger-scale applications. HPEval
used in-situ hemispherical photographs along cable car transects as part of this experimental
design. The potential to apply this methodology over larger spatial extents is becoming
possible using airborne lidar measurements of forest canopies to create detailed canopy
structure information, which allows enhanced canopy characterization (Zellweger et al.,
2019), and radiative transfer calculations, e.g. Musselman et al. (2013). Using lidar data,
Webster et al. (2020) developed methods efficient enough to resolve insolation patterns
over ∼ 1𝑘𝑚2 by creating and enhancing synthetic hemispherical images and further using
them as input to HPEval. Feasibility of pairing such approaches to large scale models
like CLM5 is increasing and is critical to solve regional and global hydroclimatological
questions. Such an approach would allow physical fidelity of canopy radiative transfer
while also fulfilling computational demands of a global-scale land surface models.
Assessment of measured and modelled forest canopy shortwave radiative transfer demon-
strated the importance of accounting for directionality of solar irradiance. However, the
95
comparative analysis of CLM5 default and CLM5 modified focused exclusively on the
downward radiative transfer through the forest canopy. Yet in CLM5 default simulations,
the two-stream approximation also accounts for upward radiative transfer to calculate
overall LSA. Upward radiative transfer in CLM5 modified simulations was approximated
by sky view fraction (VF𝑆𝑘𝑦), which in contrast to the two-stream approximation does not
account for multiple reflections within the forest canopy. Future research on LSA should
therefore focus on directly comparing above canopy LSA measurements with CLM5 default
and modified simulations, from the point-scale to larger spatial extents. In particular,
ensuring simulations are right for the right reasons (Kirchner, 2006), rather than over-
compensating for underlying unrealistic premises which can not be explained by physical
processes and observations, i.e. "right for the wrong reasons", is paramount Zhang et al.
(2013).
7.4 Chapter Summary
In this chapter, the previously presented sub-canopy cable car measurements (see Chapter 5)
were used to evaluate the performance of the radiative transfer scheme implemented in
the Community Land Model 5.0 (CLM5) over seasonally snow-covered forest stands in
a sub-alpine environment from a sub-canopy incoming shortwave radiation perspective.
Default CLM5 simulations did not adequately reflect measured spatial and temporal
variability in sub-canopy incoming shortwave radiation. Upon integration of a time-
varying transmissivity for direct shortwave radiation into CLM5, directionality of solar
irradiance could be taken into account. Results with this modified version of CLM5
showed measured variability of sub-canopy incoming shortwave radiation was replicated
more accurately, as RMSE and MAE were reduced by 61% and 68%, respectively. This
underlines the importance of accounting for directionality in shortwave radiation, which






The overall aim of this research was to improve understanding of forest-snow-atmosphere
interactions, and more specifically of radiative processes in seasonally snow-covered forests
and their representation in land surface models. This was achieved through a combination
of novel measurement techniques, extensive field data collection in boreal, sub-alpine
and alpine forests stands, and model experiments with the most up-to-date Community
Land Model 5.0 (CLM5). New data collection methods include a custom-made cable car
system to capture radiative regimes below forest stands and a UAV system to capture
radiative regimes above forest stands, both in conjunction with automatic weather stations
to capture meteorological boundary conditions.
Trees exert a principal control on snow dynamics in forested environments (Musselman and
Pomeroy, 2017, Roth and Nolin, 2017), which further affects energy exchanges between
the land surface and the atmosphere (Bonan et al., 1992, Loranty et al., 2014). For
accurate prediction of meltwater runoff from snow-dominated forested watersheds, as
well as land-atmosphere energy fluxes, reliable estimates of radiative transfer processes
through vegetation canopies to the forest floor are essential (Lawler and Link, 2011,
Seyednasrollah and Kumar, 2014). Chapter 4 investigated sub-canopy radiation processes
in seasonally snow-covered forest environments using distributed sub-canopy radiation
measurements in a discontinuous evergreen needle-leaf forest stand in the Swiss Alps. A
custom-made cable car system allowed measurement of incoming and outgoing shortwave
and longwave radiation along a single transect in Davos Laret, Switzerland. In addition,
hemispherical photographs taken concurrently from the cable car measured view fractions
of shaded snow, sunlit snow, and bare ground at each measurement point along the
transect. Spatiotemporal analysis of the sub-canopy shortwave radiation data collected
during a clear-sky day revealed a strong linear relationship between outgoing shortwave
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radiation and sunlit snow-view fraction (R = 0.94). This finding revealed canopy structural
snow shading as a key control of the sub-canopy shortwave radiation budget. Moreover,
sub-canopy shortwave radiation measurements during partial snow cover conditions showed
effective albedo to decrease substantially with snow cover fraction. This demonstrated the
importance of accurately quantifying partial snow cover extent when aiming to calculate
sub-canopy outgoing shortwave radiation and the resulting effective albedo below a forest
stand.
Sub-canopy incoming longwave radiation increased throughout the melt period due to
elevated air and canopy temperatures. Furthermore, denser forest surroundings coincided
with stronger longwave radiation enhancement. Fractional snow cover was shown to be of
particular importance for outgoing longwave radiation, which was up to 60 W m−2 larger
in areas where snow had melted, compared to a maximum outgoing longwave radiation
of 309 W m−2 in areas with full snow cover. Net all-wave radiation was dominated by
shortwave radiation whenever direct insolation of the forest floor occurred. However, at
times and locations where canopy structure inhibited direct insolation, which was often
most of the day, longwave radiation dominated the sub-canopy radiation budget.
The work outlined above greatly improved our understanding of the sub-canopy radiation
budget, but an equally important component of the energy budget is the above-canopy
LSA. The presence of trees generally leads to a reduction in LSA of snow-covered areas
(Bonan et al., 1992), which has wide-ranging climatic implications (Abe et al., 2017).
However, complex interactions controlling LSA continue to be a source of uncertainty
in land surface models, with particularly large biases across boreal evergreen forests
(Loranty et al., 2014, Thackeray et al., 2019). The task of reducing this uncertainty
has been hampered by limited in-situ measurements, as LSA is usually measured from
meteorological towers (point-scale) which struggle to represent areas greater than the sensor
footprint. To address limitations of fixed sensor footprints, a UAV was used in this thesis,
which allowed variable measurement heights and the flexibility to measure at multiple
locations above a forest canopy. An extensive dataset of airborne LSA measurements,
co-located with measurements of canopy structure and snow surface shading, captured
a large range of canopy structures, solar angles and meteorological conditions in alpine,
sub-alpine (Switzerland) and boreal (Finland) forested environments. The effects on LSA
of tree species, intercepted snow, meteorological boundary conditions, fractional snow
cover and canopy structural shading were all examined and quantified. The dependency
of LSA on tree species in both sub-alpine and boreal forest environments showed clear
differences in the snow-masking effect of vegetation between needle-leaf and deciduous
forest stands. Intercepted snow in the canopy was shown to be a strong modulator of
LSA, and measurements conducted during intercepted canopy snow conditions generated a
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unique dataset for future model evaluation efforts, as model representation of intercepted
snow and unloading is paramount for accurate simulation of LSA (Stähli et al., 2009,
Bartlett and Verseghy, 2015). Measurements of solar angle and shading revealed strong
correlations between LSA and sunlit-snow across a range of tree species, solar angles and
canopy structures, further emphasizing the first order control canopy structural shading
plays in modulating LSA. These results built on the findings of Chapter 4 by exploring
the concept of shading as a key control on outgoing shortwave radiation in different
environments, as well as expanding the scope by looking at processes above the forest
canopy.
To bridge the gap between coarse-scale climate models and in-situ measurements, evaluation
of CLM5 point-scale simulations allowed process level assessment of algorithms used
within global climate modelling frameworks. Chapter 6 showed CLM5 simulations did
not adequately capture the measured spatial and temporal variability in LSA. This
problem was attributed to the generalized canopy structure in CLM5, which over-simplifies
interactions between solar position and canopy heterogeneity. While measurements showed
strong diurnal signals in LSA and distinct effects of solar zenith and azimuth angles,
CLM5 simulations showed minimal diurnal variability. Furthermore, model sensitivity
experiments showed that simulated LSA was relatively insensitive to increasing Plant Area
Index (PAI) values above 2, which is in stark contrast to the measurements outlined herein.
As shown in Figure 6.12, approximately 92% of the needle-leaf evergreen tree-covered
pixels across the northern hemisphere have a PAI above two. This leaves only 8% of the
needle-leaf evergreen tree-covered pixels where differences in canopy density are leading to
differences in CLM5 simulated LSA. For this reason, CLM5 overestimated LSA by up to
66% in sparse forest environments. The use of effective PAI values as a simple first-order
correction for this discrepancy between measured and simulated LSA in sparse forest
environments substantially improved model results (64-76% RMSE reduction). However,
the large biases suggest a more robust solution is needed, as the use of effective PAI values
did not improve the ability of CLM5 to replicate diurnal variability in LSA. In that regard,
more complex canopy descriptors are required in order to account for canopy gaps and
capture the structural heterogeneity of forest stands.
Chapter 7 explored a potential avenue for future model development through integration
of a time-varying transmissivity for direct shortwave radiation (e.g. HPEval, Jonas et al.,
2020), allowing directionality of solar irradiance, which bypassed the default radiative
scheme in CLM5 (two-stream approximation). Results showed measured variability of sub-
canopy incoming shortwave radiation was replicated more accurately using the modified
CLM5 scheme; with a 61% RMSE and 68% MAE reduction compared to the CLM5
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default configuration. With further model development this approach may help to decrease
uncertainty in LSA simulations across seasonally snow-covered forested environments.
8.2 Outlook
Results presented in this thesis have enhanced understanding of the temporal and spatial
dynamics of forest-snow-albedo interactions. However, much scope for future research
remains, both in terms of data acquisition over larger spatial extents and process-based
modelling strategies across spatial and temporal scales.
8.2.1 Data acquisition
High-quality measurements will continue to be needed as benchmarks for land surface
model evaluation as well as to enhance process-based understanding of land surface
albedo. In future studies, both sub-canopy and above-canopy measurements should be
expanded from broadband to spectral albedo, which would help quantify the impact of
forests on spatiotemporal variability of snow surface properties. More specifically, the
effects of litter and aerosols on land surface albedo could be investigated. However, such
measurements would be more challenging to obtain, as spectrometers used for spectral
albedo measurements are very sensitive to sensor tilt and uneven surfaces (Picard et al.,
2020). UAV measurements could further be combined with RGB imagery, a concept proven
by Ryan et al. (2017), which would allow evaluation of fractional snow cover extents and
land surface albedo of forested environments over larger spatial extents.
Data collection methods such as UAVs are, however, only useful for model evaluation
across small spatial scales (e.g. forest stand scale). Once model domains approach regional
scales (e.g. the extent of Switzerland/Finland), such forest stand-scale studies need to be
leveraged with emerging space-borne data. In terms of 3-D forest structure and vegetation
distribution, active and passive remote sensing satellite LiDAR products are becoming
more wide spread, e.g. NASA’s ICESat2 satellite (Neuenschwander and Pitts, 2019, Narine
et al., 2019), which carries the Advanced Topographic Laser Altimeter System (ATLAS)
and gives high spatial (10-100m) but very low temporal resolution, or the Global Ecosystem
Dynamics Investigations (GEDI, Dubayah et al., 2020) deployed at the International Space
Station, which covers 51.6°N-51.6°S at a footprint resolution of 25 m. Such data could
possibly be used in combination with TanDEM-X (TDX) mission data (Qi and Dubayah,
2016).
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From an albedo standpoint, in addition to the commonly used moderate resolution imaging
spectroradiometer (MODIS, e.g. Wang et al., 2004, Malmros et al., 2018) onboard the
NASA Terra and Aqua satellites, the Ocean and Land Colour Instrument (OLCI) onboard
Sentinel-3A/B (Kokhanovsky et al., 2019) provides spectral reflectance measurements
in the range 400–1020 nm. OLCI hence has potential for future LSA retrievals across
snow-covered forests, although spectral and broadband albedo are only provided at a
spatial grid of 300m. Even the highest temporal resolution satellite data usually results in
daily retrievals at best, which limits analysis of diurnal variability in LSA. Furthermore,
such optical satellite retrievals are only possible under clear-sky conditions, as cloud
coverage impairs the data quality. Measurements acquired under cloudy conditions are
therefore mostly rejected (Schaaf et al., 2008). To mitigate this problem as well as the
limited temporal and spatial resolution of satellite retrievals, future research should explore
the concept of data assimilation by leveraging satellite retrievals, in-situ measurements
and model simulations of LSA. In recent years, data assimilation approaches have gained
popularity amongst snow modellers (Girotto et al., 2020, Largeron et al., 2020) but much
potential remains for future studies.
Alternatively, machine learning algorithms, e.g. random forest or neural networks, are
emerging tools (Ke et al., 2016) which could be useful for forest-snow-albedo related
investigations. More specifically, the potential to combine relatively coarse resolution
satellite data (e.g. OLCI 300m spatial grid) with machine learning algorithms is increasing
(Cornejo-Bueno et al., 2019). Such an approach, for example in combination with higher
resolution in-situ learning datasets (e.g. UAV-based LSA measurements) seems a promising
avenue for future research, with great potential to enhance our understanding of forest-
snow-albedo interactions.
8.2.2 Modelling strategies
High-resolution LSM approaches are gaining in popularity as tools to investigate small
scale processes, often unaccounted for in coarser resolution predictions (Minder et al.,
2016). As a first step, a multi-resolution model infrastructure would help to bridge the
gap between exhaustive site scale measurements of individual processes and their global
relevance. For example, evaluating CLM5 offline simulations over the spatial extent of
Switzerland at decreasing spatial resolutions, e.g. hemispheric coarse (1∘), hemispheric
intermediate (0.25∘), regional high (1km) and point-scale, would assess and mitigate the
degradation of process representation arising from unresolved sub-grid variability as model
resolution is reduced. At the same time, land surface heterogeneity could be fully resolved
while also preserving consistent physics. Such an approach seems feasible, as Zhu et al.
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(2020) has recently used CLM5 in a similar way to investigate effects of irrigation on
hydrological dynamics for a watershed in the United States.
Computational efficiency is not yet sufficient for high resolution simulations to be run
over extended periods of time across the entire northern hemisphere. Consequently,
future research should also test variable resolution modelling within the same simulation,
e.g. high-resolution refinement over highly variably forest stands/complex terrain. Such
variable resolution approaches have proven to enhance simulations of Atlantic tropical
storms (Zarzycki and Jablonowski, 2014) or precipitation over the rocky mountain range
(Wu et al., 2017), although their highest resolution refined grid was only 0.25°. Nevertheless
it demonstrates the feasibility of variable resolution modelling with CLM5, and shows
great potential to decrease uncertainty associated with forest-snow-atmosphere interactions
in coarse-scale models. Potentially an even more promising approach would be to use
variable-resolution unstructured meshes which allow for smooth transitions from very fine
to coarse resolution in an entirely flexible manner. This approach has been previously
applied to cold regions hydrology for domains ranging from point scale to basin (100 km2)
to provincial (> 1 000 000 km2) scales (Marsh et al., 2020).
Such model experiments would quantify limitations in modelling vegetation as uniform,
single layers, and identify scenarios where accounting for geometrical arrangement of
canopy elements was important for accurate process representation of radiative processes.
More specifically and following the findings of the modelling experiments of this thesis,
accounting for directionality of solar radiation in coarse-scale models should be a particular
focus. The potential for such model development endeavours is increasing, as recent efforts
have resulted in methods that are efficient enough to resolve insolation patterns down to
meter resolution over ∼ 1km2 areas (Webster et al., 2020).
A multi-resolution model infrastructure in combination with variable resolution modelling
within the same simulation would allow the investigation of many other forest-snow related
questions. In particular, the representation of intercepted snow in coarse-scale models
has much scope for improvement. Knowledge gaps remain in the quantitative description
of snow mass in the canopy, which have profound implications for LSA. Together, such
approaches will ultimately result in more accurate land surface albedo simulations, which
will directly improve climate modelling via reduced uncertainties associated with forest-
snow-atmosphere interactions. This will have far reaching implications for simulations of




Sensor calibration campaigns were performed on two days in Davos, Switzerland (19 June
2018, 23 May 2019) and on one day in Sodankylä, Finland (7 May 2019). On each day all
senors (up- and down-looking Kipp & Zonen CMP3 SWR and CGR3 LWR sensors from
the cable car and up- and down-looking CMP3 SWR sensors from UAV) were set up next
to each other. In Davos, Switzerland the sensors were placed on a flat surface on top of
the main SLF building. A white cloth was placed underneath the sensors and nothing
obscured the view-field of the radiation sensors. In Sodankylä, the sensors were placed
on top of the radiation tower, in proximity to the operational radiation sensors of FMI.
Every few hours the sensors were checked and re-levelled, resulting in small data gaps in
the calibration data, but ensuring high data quality.
A.1 LWR - CGR3 pyrgeometers
In the following LWR measurements taken with the two cable car CGR3s are shown for
all three calibration campaign days. No correction was applied as the difference between
sensors was minimal.
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Figure A.1: LWR calibration performed in Davos on 19 June 2018. (a) shows measured LWR of each
sensor and (b) visualizes absolute differences between the measured values of the respective sensors.
Figure A.2: LWR calibration performed in Davos (CH) on 23 May 2019. (a) shows measured LWR
of each sensor and (b) visualizes absolute differences between the measured values of the respective
sensors.
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Figure A.3: LWR calibration performed in Sodankylä (FIN) on 07 May 2019. (a) shows measured LWR
of each sensor and (b) visualizes absolute differences between the measured values of the respective
sensors.
A.2 SWR - CMP3 pyranometers
In the following SWR measurements taken with the two cable car CGR3s as well as the
two UAV CGR3s are shown for all three calibration campaign days.
Figure A.4: SWR calibration performed in Davos on 19 June 2018. (a) shows measured SWR of each
sensor and (b) visualizes absolute differences between the measured values of the respective sensors
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Figure A.5: SWR calibration performed in Davos (CH) on 23 May 2019. (a) shows measured SWR
of each sensor and (b) visualizes absolute differences between the measured values of the respective
sensors.
Figure A.6: SWR calibration performed in Sodankylä (FIN) on 07 May 2019. (a) shows measured
SWR of each sensor and (b) visualizes absolute differences between the measured values of the
respective sensors
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The following (SWR magnitude dependent) relative correction was applied to the down-
looking UAV sensor: SWR𝑐𝑜𝑟= SWR x 0.978 + 0.297, results of which are shown in the
following plot.
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